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ABSTRACT 
Employing first-row transition metals in catalytic two-electron transformations 
remains a synthetic challenge. In order to overcome the common and often deleterious 
single-electron reactivity, an electron rich ligand was targeted on cobalt. Herein, we 
report the Co(I) catalyzed amination of aryl halides with lithium hexamethyldisilazide. 
This transformation features (PPh3)3CoCl (1) as the catalyst and affords structurally 
diverse and electronically varied primary arylamines in good chemical yields, with the 
scope of the reaction featuring arylamines that cannot be synthesized via traditional 
metal-catalyzed amination routes, including 4-aminophenylboronic acid pinacol ester. 
Stoichiometric reactivity revealed that (PPh3)2CoN(SiMe3)2 (2) is likely generated within 
the catalytic cycle and could be independently synthesized from the reaction of 
(PPh3)3CoCl with LiN(SiMe3)2. Catalytic reactivity featuring the Co–amide complex, 
(PPh3)2CoN(SiMe3)2, showed that it is a competent catalyst, implying that (PPh3)3CoCl 
may be serving as a pre-catalyst in the reaction. Both stoichiometric and kinetic studies 
support the catalytic cycle involving a Co(I) complex. Catalytic reactions featuring Co(II) 
complexes resulted in undesired biaryl formation, a product that is not observed under 
standard catalytic conditions and any productive catalytic reactivity likely arises from an 
in situ reduction of Co(II) to Co(I). A Hammett study was carried out to differentiate 
between a closed-shell or radical mechanism, the results of which are consistent with 
the proposed closed-shell mechanism. Initial studies indicate that this reactivity may be 
expanded to other bulky nucleophiles. 
The role of the N(SiMe3)2 ligand in effecting two-electron chemistry with Co(I) was 
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further probed by a structural and spectroscopic investigation of a series of 
(P^P)CoN(SiMe3)2 complexes. X-ray diffraction demonstrates that a distortion from 
planarity is observed in these complexes, consistent with weak Jahn-Teller distortion. 
Variable temperature nOe studies identify that a structural distortion qualitatively 
consistent with the bending observed in the X-ray structures occurs at the temperatures 
at which catalysis occurs. Initial rate kinetics further suggest that catalyst stability is a 
key factor in achieving effective catalysis, suggesting that the ligand geometry’s ability 
to support a pyramidalized structure is a defining feature of (P^P)CoN(SiMe3)2 catalysis. 
A C–C coupling reaction between organomagnesium halides and alkyl halides 
using cobalt tris(acetylacetonate) was also developed. This method is capable of 
forming sterically congested alkylarenes under remarkably mild conditions. The 
substrate scope of the reaction and functional group tolerance was explored via a 
screening technique for rapidly assaying reaction conditions. The catalyst is a rare 
example of a complex capable of neopentylation in doubly ortho-encumbered 
organomagnesium reagents, forming axially chiral hydrocarbon products.  
Finally, the synthesis of bi- and tridentate aryl carbene ligands is described. These 
ligands are strongly donating and the Co(III) complex synthesized is diamagnetic as a 
result. These ligands are potentially useful for further studies into the two-electron 
chemistry of first-row transition metals.  
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Chapter 1: Introduction 
1.1: Benefits and limitations of transition metal-mediated catalysis in industry 
The past decade has seen a number of key advances in the area of base metal 
catalysis. What was once a niche area has become a major driving force behind a 
number of research programs around the world.1-7 This transition can be attributed to 
the community’s realization that Noble metal catalysts, despite their impressive 
reactivity and applications in industrially-relevant processes such as cross-coupling 
reactions, are not sustainable for use in large scale synthesis. 8 In addition to the well-
documented limitations due to cost and availability of metals such as palladium, 
platinum and iridium, there is the issue of toxicity from trace metal contaminants that 
further complicates the purification of compounds intended for human consumption and 
the processing of waste generated from the reaction itself. 9 
 
Figure 1.1: First-row metals vs. Noble Metals 
First-row metals, such as cobalt and iron, have long been proposed as 
environmentally-friendly and cost-effective alternatives to Noble metal catalysts, owing 
to the isoelectronic character with their heavier congeners and more attractive toxicity 
profiles. However, for many years the desired “Noble metal” reactivity was considered to 
Iron
26
Fe
55.845
Cobalt
27
Co
55.933
Nickel
28
Ni
55.845
Ruthenium
44
Ru
101.07
Rhodium
45
Rh
102.91
Palladium
46
Pd
106.42
Osmium
76
Os
190.23
Iridium
77
Ir
192.22
Platinum
78
Pt
195.08
Noble Metals
Well-defined reactivity
Numerous background studies
Toxic and scarce
First row metals
Reactivity is dominated by SET
Few examples of two electron redox
Biocompatible and abundant
 2 
be inaccessible to these first-row metals, and so few examples of base metal catalysts 
that could replace palladium, platinum and iridium catalysts satisfactorily were known 
until recently. 2,4 
 
Figure 1.2: Examples of common single electron transfer (left) and two-electron redox (right) reactions 
The origin of the divide in reactivity between first- and second-row metal catalysts 
can be attributed to a given element’s propensity to undergo a single-electron transfer 
reaction versus a two-electron redox process. The chemistry that defines second- and 
third-row metal chemistry—oxidative addition, reductive elimination and insertion 
reactions—are almost unilaterally two-electron redox processes. That is, the oxidative 
addition of a given bond to a second- or third-row metal typically proceeds through a 
mechanism that engages in the concerted transfer of two electrons, whereas the 
analogous reaction on a first-row metal, such as iron, would be expected to proceed via 
a stepwise transfer of electrons, yielding an odd-electron organic intermediate (Figure 
1.3).3 However, this intermediate is still often quite high-energy, meaning that non-
productive side reactions often dominate as the organic radical dimerizes, abstracts 
hydrogen atoms from solvent molecules and substrates or engages in radical addition 
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reactions with other molecules in solution.10,11 Importantly, this further complicates 
reactions containing sensitive functional groups or proton-bearing chiral centers, which 
are often damaged through side reactions with organic radicals.12,13 
1.2: Caged organic radicals as “two-electron chemistry” synthons  
 
 
Figure 1.3: An early example of C–C coupling via an uncaged radical intermediate (top) and C–C coupling via a 
caged radical intermediate, eliminating homocoupled side products (bottom) 
The first major step toward accessing noble metal-like reactivity with a first-row 
metal involved developing reaction conditions under which an organic radical could be 
formed and rapidly consumed so as to minimize undesirable side reactions. While early 
work by Oshima demonstrated that C–C coupling mediated by Mn and Fe were 
feasible,14 homocoupling of the organic radical was a dominant side reaction (Figure 
1.3). The coupling reaction proceeded through uncaged radical intermediates, wherein 
the transiently generated odd-electron organic species has a greater rate of abstraction 
or dimerization than recombination with the metal initiator. While these reactions served 
as an important starting point in first-row metal catalysis, the limitations on the reaction 
scope and apparatus made practical applications unlikely. 
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However, in pioneering work by Knochel and coworkers, ɑ-halopyridines were 
found to react with Fe(II) salts in the presence of organomagnesium compounds to 
cleanly furnish ɑ-alkylpyridines in excellent yields.15 The success of these reactions was 
found to be thoroughly substrate- and solvent-dependent. Specifically, these reactions 
proceed through caged radicals, which are odd-electron organic species whose rate of 
recombination is greater than their rate of diffusion out of the solvent “cage” that 
surrounds them and their metal initiator. As a result, the organic radical can be thought 
of as being in rapid equilibrium with its parent compound or an organometallic derivative 
thereof. To achieve this, bulky ether solvents, such as tert-butyl methyl ether, were used 
in conjunction with electron-deficient heteroaromatic substrates, the combination 
resulted in a long-lived radical with a slow diffusion rate. This leads to several key 
advantages over typical free radical intermediates, the most important of which is the 
tolerance of a wider array of functionality, including many examples of chiral substrates 
whose enantiomeric purity is not eroded during the reaction.16 This approach has been 
applied to the formation of numerous C–X bonds,11,16-19 but suffers from the key 
limitation that the success of a reaction is dependent on the substrate structure, often 
requiring radical-stabilizing electron-withdrawing groups which limit the applicability of 
this approach to general synthetic applications. 
 
1.3: Redox active ligands as mediators of two-electron chemistry via shared 
redox loads 
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Figure 1.4: Two-electron redox via redox active ligands, reacting with biphenylene through metal-centered, 
ligand-assisted oxidative addition20 
Another popular approach to accessing a two-electron redox couple on a first-row 
metal is in the use of redox-active ligands (RALs). RALs augment metal-centered single 
electron transfer with a ligand-centered electron for net two-electron chemistry, as 
studied in detail by Wieghardt21-23 and Heyduk.24-26 An important recent example of this 
was reported by Chirik and coworkers, wherein an iron(II) complex bearing a redox 
active pyridinediimine (PDI) ligand engages in oxidative addition across the highly 
strained C–C bond of biphenylene (Figure 1.4).20 In this example, a two-electron redox 
event has occurred at the substrate, despite the metal center only experiencing a single 
electron oxidation state change. The other electron is supplied by the ligand, wherein 
the highly stabilized iminopyridine radical allows facile transfer of a second electron. 
This approach to “masked” two-electron chemistry has been prevalent in the literature, 
featuring example across numerous metals and ligand architectures, wherein the metal 
can “store” or “extract” electron density as needed from the ligand π network. 21-23,27-31 
However, despite the body of mechanistic work characterizing the nature of the redox 
events that take place in complexes bearing redox-active ligands, the vast majority of 
methods that have been reported using these ligands have been group transfer 
reactions to π-acidic electrophiles, such as hydrogenation,32,33 hydroboration,34-36 and 
hydrosilylation.37-39 While these reactions are of critical importance to industry, the lack 
of generality these complexes display for the fundamental two-electron organometallic 
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transformations—oxidative addition and reductive elimination, in particular—leaves 
redox-active ligands as an imperfect solution to two-electron redox on first-row metals.  
1.4: Viability of metal-centered two-electron redox on first-row metals from a 
molecular orbital perspective 
Molecular orbital theory offers important evidence for why two-electron redox 
chemistry on first-row metals is not only feasible, but potentially advantageous to 
analogous chemistry on a Noble metal. In particular, theoretical work by Wolczanski and 
coworkers showed that an increased density of states (DOS) is largely responsible for 
the dramatically increased rates of reaction between second- and third-row metals, and 
suggested that the same effects could be occurring in analogous reactions on first-row 
metals such as iron, cobalt and nickel.40,41 The decreased barriers to reactions such as 
oxidative addition—stabilized by as much as 10 kcal/mol with respect to their second- 
and third-row congeners—could permit reactions to occur with substrates that would 
normally be challenging or otherwise impossible in reactions with Noble metals (Figure 
1.5). 
However, complicating this is the aforementioned preference for first-row metals to 
engage in single electron transfer reactions. While the increased DOS can contribute to 
the reactivity in a two-electron process, in first-row metals the highly compressed d-field 
splitting lowers the barrier to the formation of high spin complexes, which decreases the 
barrier to radical reactivity relative to both the second-row metal and the desired two-
electron process on the first-row metal. Thus, the increased DOS becomes a double-
edged sword, wherein a compressed d-field can increase the reactivity of a metal 
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toward various reactions, though to different extents, leading to a switch between typical 
modes of reactivity when moving from the first to second-row of the transition elements. 
 
Figure 1.5: Comparison of the relative energy barriers to single- and two-electron transfer reactions 
1.5: The “strong field” approach to enabling two-electron chemistry 
Based on the observation of the role of the DOS in dictating the prescribed 
reaction preferences of a given metal, several groups have proposed the use of strong 
field ligands to overcome the inherent barrier to two-electron chemistry on a first-row 
metal. Unlike approaches using redox-active ligands, which attempt to engage the 
organic ligand in the redox event to allow a metal-centered single-electron transfer 
event to accomplish net two-electron chemistry, this method seeks to destabilize high 
spin electron configurations to disfavor radical chemistry at the metal center.41-43  
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Figure 1.6: Relative orbital energies as a function of ligand field strength 
In particular, phosphine44-47 and carbene48-50 ligands have been particularly 
effective for preparing low-spin complexes capable of stoichiometric two-electron 
chemistry. In these complexes, the strong orbital overlap between carbon and 
phosphorus donor atoms leads to a net destabilization of the high-lying d-orbitals, which 
in turn encourages spin pairing and thus discourages radical transfer (Figure 1.6). 
However, while a diamagnetic complex is likely to meet these criteria, it is not 
necessarily a requirement to observe two-electron chemistry. Particularly demonstrative 
of this is the work by Bernskoetter and coworkers, wherein mechanistic work showed 
that the reductive elimination of ethane from (PMe3)3Co(CH3)2(I) likely proceeds through 
a two-electron mechanism, despite the complex’s observed paramagnetism.47 In this 
case, the strong donor ligands PMe3 and CH3 likely provide the complex with enough 
electron density to disfavor single electron transfer. In a similar vein, Chirik and 
coworkers demonstrated the stoichiometric oxidative addition of dihydrogen to a 
(PNP)Co(CH3) complex to ultimately yield (PNP)CoH3, through a purported two-electron 
mechanism.51 In this case it is again the alkyl ligand that is likely responsible for the 
observed reactivity (Figure 1.7). From these examples, it can be posited that a 
combination of suitable strong donor ligands, which will perturb the metal d-orbitals in 
accordance with Wolczanski’s work, is the key to accessing the desired two-electron 
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redox couple. Given these well-defined examples of stoichiometric two-electron 
chemistry using a Co(I/III) redox couple, we sought to study catalytic reactions of cobalt 
in these oxidation states using strong donor ligands. However, despite many proposals 
to the contrary, 52-59 prior to this work there have been no mechanistically-characterized 
examples of two-electron chemistry in catalytic reactions of cobalt. 
 
Figure 1.7: Recent examples of stoichiometric two-electron redox reactions 
1.6: Summary and goals 
The goal of the research presented in this thesis is to establish catalyst design 
parameters for developing selective two-electron redox on first-row metals. Given the 
success that strong field ligands have had in demonstrating discrete, metal-centered 
two-electron redox, we sought to determine what electronic and stereoelectronic 
properties would be required of a cobalt catalyst that would engage in selective two-
electron chemistry. That is, what is the simplest cobalt complex that may engage in 
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selective two-electron redox? Such data would enable rational catalyst design, which 
would in turn allow more finely-tuned catalysts to be developed for specialized 
applications. To accomplish this, this work will describe 1) the discovery of a novel aryl 
amination reaction mediated by a simple Co(I) catalyst, 2) the synthesis and 
characterization of a family of unusual, three-coordinate cobalt disilazide complexes for 
use in catalysis, 3) the mechanistic study of the amination reaction in an effort to 
distinguish between single and two-electron redox chemistry, and 4) the structural 
characterization of the role of N(SiMe3)2 as a strong field ligand in two-electron 
chemistry. In addition, the lessons learned from the study of the reactions will be applied 
to a new family of catalysts for the synthesis of highly-encumbered C–C bonds. Finally, 
initial studies on the synthesis of a family of strongly-donating aryl bis(carbene) ligands 
and their Co(III) complexes will be discussed. 
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Chapter 2: Development of a C–N bond coupling reaction 
mediated by (PPh3)3CoCl 
Historically, nitrogen-containing compounds have played an important role in the 
pharmaceutical,1 agricultural2 and materials3 industries. In particular, aniline 
derivatives—aromatic compounds bearing a C–N bond—have been of particular 
relevance in medicinal chemistry, wherein more than half of the top grossing 
pharmaceutical compounds contain at least one aromatic C–N bond.4 Access to these 
compounds using traditional organic methodology is limited due to the narrow scope of 
SNAr reactions with amine nucleophiles. While the Chichibabin amine synthesis has 
played an important role in several total syntheses5,6 the reaction is limited exclusively 
to pyridyl electrophiles.31 To date, no general, metal-free methods for the preparation of 
arylamines exist in the literature. 
2.1: Palladium-mediated aryl amination  
The synthesis of arylamines in the laboratory has been dominated by Pd0 
chemistry. Originally inspired by Migita’s stoichiometric synthesis of N,N-diethylaniline 
derivatives using (o-Tol3P)2PdCl2 via aryl halides and N,N-diethylamino-tributyltin,32 
Hartwig7-9 and Buchwald10,11 independently developed methodology for preparing a 
wide variety of arylamines with differing substitution patterns. While a variety of 
phosphine and N-heterocyclic carbene ligands can effect coupling reactions with 
varying scopes for each partner (Table 2.1), the fundamental mechanism governing the 
reaction is quite consistent.  
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Table 2.1: Summary of the scope and tolerances of common aryl amination catalysts 
X
HNR2
Base
Catalyst NR2
Metal Ligand/Precatalyst Aryl Halide Nucleophile Notable Characteristics
Pd
PPh3, PtBu3, dppf, 
DPEPhos, bidentate 
phosphines
Iodides, bromides, 
triflates
Secondary alkyl 
amines, anilines, 
primary alkyl 
amines only with 
e- deficient aryl 
halides
Refs
+ Straightforward, 
common ligands
7-9
+ Generally effective 
for common substrates
- Aryl chlorides do 
not react favorably
- High reaction 
temperatures and times
Iodides, bromides, 
chlorides, 
tosylates, triflates; 
heterocycles
Primary and 
secondary alkyl 
amines, aryl 
amines, amides
+ Wide substrate scope
11, 19, 20
+ Low catalyst 
loadings and mild 
conditions
- Expensive, difficult 
to synthesize ligands
- Limitations in the use 
of bulky amine 
nucleophiles
PCy2
OMe
MeO
MeO
OMe
MeO
Bulky biaryl phosphines
Iodides, bromides, 
triflates
Secondary alkyl 
amines, anilines, 
primary alkyl 
amines only with 
e- deficient aryl 
halides
18
+ Low catalyst 
loadings and mild 
conditions
+ Precatalysts are 
very stable to air 
and water
- Expensive, though 
relatively straightforward 
to synthesizePEPPSI precatalysts
N N ArAr
Pd
N
ClCl
Cl
Ni bidentate phosphines (dppf, BINAP)
Iodides, bromides, 
chlorides
Anilines, primary 
and secondary 
alkylamines with 
sterically 
accessible 
substrates
+ Straightforward, 
common ligands
21, 22
+ Short reaction times 
and high functional 
group tolerance
- Side reactions due to 
hydrodehalogenation 
and beta hydride 
elimination limit 
nucleophile scope
Cu Ligand-free, Ph3Bi, amino acids, carboxylates, 
imidazole
Iodides, bromides, 
fluorides
Varying; 
particularly well-
suited for 
coupling N-
heterocycles 
(pyrrole, 
benzimidazole, etc)
+ Straightforward, 
common ligands
29-35
+ Inexpensive, air and 
moisture tolerant
- Harsh conditions, 
up to 300 ˚C
- Inconsistent substrate 
scope and yield
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The distinguishing mechanism for Pd-mediated C–N bond coupling invokes a two-
electron oxidative addition reaction between the Pd0 resting catalyst and the aryl halide 
electrophile, furnishing LnPd(Ar)X (Figure 2.1, B). Following this, ligand exchange to 
yield a palladium amine complex is formed and rapidly deprotonated to yield 
LnPd(Ar)(NR2) (Figure 2.1, C). Finally, concerted two-electron reductive elimination 
yields the desired aniline product and restores the Pd0 resting state (Figure 2.1, A). 
These fundamental steps have been well-studied via a number of methods, including 
stoichiometric reactivity studies,38 kinetics,39 and linear free-energy studies.12,13 
 
Figure 2.1: Palladium-mediated amination of aryl halides via a two-electron redox mechanism 
2.2: Ligand effects in two-electron amination chemistry 
Throughout the study of palladium-mediated cross-coupling chemistry, the effect of 
ligand geometry has been studied in great detail. While early work in the field used 
monodentate phosphines such as triphenylphosphine and tri(tert-butyl)phosphine as 
ligands,14,15 most laboratory implementations of Pd-mediated aryl amination utilize 
bidentate diarylphosphines, such as bis(diphenylphosphino)ferrocene (dppf) or bis(2-
diphenylphosphinophenyl) ether (DPEPhos).16 It was found that the rate of reductive 
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elimination increased with increasing bite angle (P-Pd-P) due to Thorpe-Ingold effects in 
the arylpalladium(II)-amido intermediate.14,17 While the scope of amine nucleophiles that 
these complexes can couple is impressive, the aryl halides most effectively cross-
coupled are relatively unencumbered aryl iodides and bromides, with aryl chlorides 
being much less reactive. While the development of N-heterocyclic carbene-bearing 
palladium precatalysts allowed amination reactions to be carried out under mild 
conditions,18 aryl chlorides and primary alkylamines remain challenging substrates with 
these classes of ligands.  
To solve this problem, Buchwald and coworkers developed a family of 
dialkylbiarylphosphine ligands that greatly improved the scope of aryl halides that could 
engage in oxidative addition to Pd0.11 The most common representative of this class of 
ligand is dicyclohexyl(2',4',6'-triisopropyl-3,5-dimethoxy-[1,1'-biphenyl]-2-yl)phosphine 
(BrettPhos), which is often added to a suitable Pd0 precatalyst to form the active 
species in situ.11,19 The resultant complexes are formally three-coordinate, stabilized by 
π-back donation from the biaryl substituent on the phosphine. By increasing the 
electron-richness of the biaryl substituent, oxidative addition into even sterically-
encumbered aryl chlorides could be accomplished in good yields. While recent work by 
the Buchwald group has demonstrated that suitable ligand modifications can improve 
the yields of reactions with sterically encumbered amine nucleophiles,20 palladium 
catalysis still struggles to couple bulky, ɑ-substituted amines. Moreover, the synthesis of 
BrettPhos and similar ligands is not trivial and as such limits the practical utility of these 
methods. 
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2.3: Nickel-mediated aryl amination  
Other metals that have proved useful in amination are often proposed to go 
through single-electron redox in addition to the two-electron mechanism that is favored 
in palladium catalysis. Certain nickel catalysts, designed in analogy to palladium 
chemistry, have also proven to be effective for the formation of C–N bonds.21 Nickel 
catalysis caught attention from the synthetic community early on due to Cramer and 
Coulsen’s observation that NiCl2 was able to couple aryl chlorides to secondary amines, 
albeit at elevated temperatures.22 Optimization of the nickel precatalyst led to the 
development of amination reactions using Ni(COD)2.14 These catalysts tolerate aryl 
chlorides and sulfonates and are simple and inexpensive in comparison to the palladium 
catalysts required for the same transformation. 
While the mechanism for nickel-catalyzed amination varies slightly based on the 
specific precatalyst used, one common catalytic cycle is depicted in Figure 2.2.23 Two-
electron reductive elimination is well-established from Ni(III), though mechanisms of 
oxidative addition to Ni(0) and Ni(II) typically proceed via single electron transfer. 24-26 
As a result, nickel-mediated methods exhibit a wider substrate scope in comparison to 
palladium-mediated methods, especially regarding the tolerance of aliphatic 
electrophiles.27 However, this mechanism also results in the formation of side products 
arising from off-pathway processes, particularly hydrodehalogenation and β–hydride 
elimination products.21 Due to the high temperatures required for catalyst activation and 
variable yields, nickel catalysis has not found the popularity enjoyed by palladium-
mediated methods, though recent work from the Hartwig group has suggested that the 
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selectivity of the reductive elimination step can be improved through the use of a strong 
ligand field.28 
 
Figure 2.2: Nickel-mediated cross-coupling via a mixed single-/two-electron redox mechanism 
2.4: Copper-mediated aryl amination  
Perhaps the most-used C–N cross-coupling reaction catalyzed by a first-row metal 
is the Ullmann coupling, which uses copper salts to yield arylamine products. While the 
reaction has been used successfully in synthesis, the reaction conditions are generally 
quite harsh, requiring temperatures between 180 ˚C and 300 ˚C.29 Unfortunately, using 
this reaction as a mechanistic comparison is difficult, as there is not a general 
consensus in the literature regarding the mechanism of the reaction; early on, Paine 
showed that radical scavengers did not impede reactivity,30 and so assigned the 
reaction as a Lewis acid-assisted SNAr reaction, a sentiment shared by a number of 
sources.29,31 However, in the same year as Paine’s study, Barton and coworkers 
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pointed out that the reactivity trends of the aryl halide do not track with SNAr reactivity 
(I>Br>Cl>>F, the opposite for typical SNAr chemistry), proposing instead an oxidative 
addition/reductive elimination mechanism.32 Other independent studies have also 
arrived at this conclusion,33,34 and so even now the nature of the redox pathway is not 
clear. Possibly complicating the mechanistic analysis is the large variety of conditions 
that have been used in the reaction, including various copper salts (Cu0, CuI, and CuII 
have all proven effective), additives (varying amino acid, carboxylate, N-heterocycle 
ligands, and even Ph3Bi), and solvents. Recent work by Peters and coworkers 
demonstrated that photoinduced radical ion pairs are viable reaction intermediates in 
the Ullmann-type coupling of carbazolides.35 However, despite the Ullmann coupling’s 
relatively unpredictable scope and harsh conditions, it tends to be among the most 
chemoselective and high-yielding methods when it does succeed, particularly for 
pyrrolyl nucleophiles. 
 
Figure 2.3. A typical Ullmann coupling reaction. 
2.5: Cobalt-mediated aryl amination  
Prior to this work, two key examples of cobalt-mediated C–N cross-coupling were 
known that utilize Co(II) salts to generate 2-pyridinamines36  and benzimidazoles37 
(Figure 2.4). While these reactions are quite effective for forming these classes of 
products, they are limited in their ability to tolerate substrates prone to radical 
abstraction. More importantly, these reactions are unable to couple unactivated 
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haloarenes without an intramolecular nucleophile, dramatically limiting what substrates 
are accessible to cobalt catalysis.  
 
Figure 2.4: Previous examples of Co-mediated C–N bond coupling via single electron transfer 
 
Figure 2.5: Previous examples of Co-mediated C–N bond coupling via single electron transfer 
In both of these cases the mechanism was not studied, though one can refer to the 
work of Chan and coworkers on C–H activation of arenes by Co(II) for guidance.38 In 
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Chan’s work, cobalt(II) porphyrin complexes were shown to react with aryl halides to 
yield uncaged aryl radicals, which can then react with the arene solvent (Figure 2.5). 
Indeed, most reactions of aryl and alkyl halides with cobalt(II) are proposed to proceed 
through similar mechanisms, wherein the nucleophile binds the oxidized metal and acts 
as a single-electron reductant.39,40  
As discussed previously, the formation of uncaged aryl radicals is deleterious to 
many catalytic processes due to the ease with which off-cycle side reactions can 
occur—the activation of aromatic solvents as described by Chan is particularly common 
in cobalt catalysis and presents a significant challenge to developing new reactions. As 
such, the Co-mediated reactions developed by Punniyamurthy and Yamaguchi required 
tethered, intramolecular nucleophiles and radical-stabilizing electrophiles, respectively. 
In an effort to develop a general, intermolecular amination of unactivated aryl halides, 
we set out to apply the reaction design principles for two-electron redox processes of 
palladium to new amination reactions using low-valent cobalt catalysts. 
2.6: Initial reactivity of (PPh3)3CoCl toward the amination of aryl halides 
We chose to begin our study of aryl amination with low-valent cobalt using 
tris(triphenylphosphine)cobalt chloride (1). This material attracted us for a number of 
reasons, not the least of which was due to its simple synthesis; in our hands, we have 
carried out the synthesis on greater than 20 g scales via reduction of 
bis(triphenylphosphine)cobalt dichloride with sodium borohydride41-43 without 
appreciable losses in yield (Figure 2.6). Additionally, (PPh3)3CoCl prepared via this 
method is air-stable as a solid and can be handled in air without the need for 
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specialized equipment; moreover, the complex is commercially available and relatively 
inexpensive. These properties are especially attractive when considering industrial 
applications of potential methodology discovered with (PPh3)3CoCl, wherein a simple, 
inexpensive precatalyst is an important factor in developing chemistry on scale. 
 
(PPh3)3CoCl (1): 
Air-stable as a solid 
Prepared quickly & inexpensively  
Commercially available 
Figure 2.6: Synthesis of (PPh3)3CoCl (1) 
Our initial screening efforts centered on demonstrating the coupling between 
iodobenzene and aniline using standard amination conditions developed for palladium 
catalysis. Alkoxide and carbonate bases showed none of the desired cross-coupling, 
instead furnishing biaryl side products consistent with the formation of an uncaged aryl 
radical (Table 2.2, entries 1-3). The use of lithium hexamethyldisilazide (LiN(SiMe3)2), 
however, seemed uniquely well-positioned for the generation of an aminated product 
(Table 2.2, entry 4), providing diphenylamine in 56% yield.  
This yield could be improved by the addition of a bidentate phosphine ligand. The 
addition of 2,2’-diphenylphosphino-1,1’-binapthalene (BINAP), 
bis(diphenylphosphino)ferrocene (dppf), and 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (XantPhos) all resulted in an improved yield of diphenylamine (74-
81%), 2,2’-bis(diphenylphosphino)diphenyl ether (DPEPhos) was chosen as the ligand 
with which to pursue further optimization due to its lower cost relative to the other 
phosphines tested (Table 2.2, entries 5-9). Interestingly, the addition of 1,2-
bis(diphenylphosphino)ethane (dppe) resulted in a diminished yield of 35%; of the 
Co
Cl
Ph3P PPh3PPh3
1) EtOH, 70˚C, 1hr
2) NaBH4, 30 min
CoCl2*6H2O + 3 PPh3 80%(1)
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bidentate phosphines screened, this was the only example that resulted in a 
consistently negative impact on the reaction yield, likely due to decomposition of the 
intermediate dppe-ligated Co(I) complex via C–H activation of the phosphine aryl ring, 
akin to what was observed in Michman’s attempted synthesis of Co(I) alkyl complexes 
of similar composition.58 
 
Table 2.2: Screening of bases, ligands, and substrates for the C–N bond coupling of anilines and aryl halides 
mediated by 1 
A brief survey of various substitutions on either coupling partner resulted in a 
diminished overall reaction yield. Electron-rich coupling partners exhibited low overall 
conversion of the aryl halide (Table 2.2, entries 10, 12 and 13), whereas conversion of 
the aryl halide starting material was high for electron deficient electrophiles (Table 2.2, 
entries 11 and 14) with the majority of the conversion forming methylbiphenyl isomers 
resulting from the reaction of an aryl radical with the toluene solvent.38 Cessation of the 
amination reaction was consistently accompanied by the appearance of a blue, 
NH2 I (PPh3)3CoCl (1) (10 mol%)
H
N
Base, 100˚C, toluene 12 h
CH3
R1 R2 R1 R2 R2
R1 R2
Additive (15 mol%)
Base Additive Amine Yield (%) Biaryl Yield (%)Entry
H H NaOtBu None 0% 56%1
H H K2CO3 None 0% 36%2
H H Cs2CO3 None 0% 42%3
H H LiN(SiMe3)2 None 56% 0%4
H H LiN(SiMe3)2 DPEPhos 75% 0%5
H H LiN(SiMe3)2 dppf 77% 0%6
H H LiN(SiMe3)2 BINAP 81% 0%7
H H LiN(SiMe3)2 XantPhos 77% 0%8
H H LiN(SiMe3)2 dppe 35% 0%9
4-OMe H LiN(SiMe3)2 DPEPhos 37% 0%10
2-NO2 H LiN(SiMe3)2 DPEPhos 40% 0%11
2-CH3 H LiN(SiMe3)2 DPEPhos 45% 0%12
H 4-OMe LiN(SiMe3)2 DPEPhos 53% 0%13
H 4-CF3 LiN(SiMe3)2 DPEPhos 23% 60%14
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paramagnetic, cobalt-containing side product. While this product was not successfully 
characterized, its color and paramagnetism were consistent with a Co(II) species; 
following a vacuum transfer to remove organics, the blue material could be resubmitted 
to the reaction conditions, furnishing only biaryl side products. It appeared that 
decomposition from 1 to an uncharacterized Co(II) side product dictated the course of 
the reaction in the amination with aniline nucleophiles.  
During further optimization, however, some interesting results were obtained when 
various components of the reaction were omitted. Various controls demonstrated that 
omission of the metal or base resulted in complete inhibition of catalysis, confirming that 
the reaction is dependent on the presence of the cobalt catalyst and LiN(SiMe3)2. The 
dependence on LiN(SiMe3)2 was found to be quite particular—while lithium anilide 
(LiNHPh) is a competent nucleophile in the presence of LiN(SiMe3)2, the reaction failed 
to furnish the desired product when LiNHPh was used as a nucleophile in the absence 
of LiN(SiMe3)2. This suggested that the role of LiN(SiMe3)2 was not simply limited to that 
of a base, which was previously indicated by the reaction’s specificity for disilazide.  
The role of the lithium disilazide was made even more peculiar by the control 
reaction in which aniline was omitted from the standard reaction conditions in an effort 
to observe decomposition products of iodobenzene (Figure 2.7). Instead of 
decomposition to Co(II) as expected, the reaction instead formed N,N-
bis(trimethylsilyl)aniline in nearly quantitative yield via presumed cross-coupling of 
LiN(SiMe3)2 with iodobenzene! This result was especially surprising, given that this 
product had not been observed previously, whereas in the absence of aniline 
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nucleophile it is the exclusive product under the standard catalytic conditions. With this 
intriguing result in hand, we chose to focus on the coupling of LiN(SiMe3)2 as a case 
study for cobalt-mediated intermolecular amination of unactivated aryl halides. 
 
Figure 2.7: An aniline-free control experiment reveal alternate reactivity in the absence of protic nucleophiles 
2.7: Development of methodology for the cobalt-catalyzed cross-coupling of 
LiN(SiMe3)2 with aryl halides 
The use of LiN(SiMe3)2 as a nucleophile offers access to primary anilines via acid-
catalyzed hydrolysis of the resulting bis(silyl)aniline, representing LiN(SiMe3)2 as an 
“ammonia surrogate.” While some methods for the direct coupling of ammonia have 
been reported,44-46 the limitations in the scope of these methods and their requirement 
for specialized laboratory equipment have made the use of ammonia surrogates the 
preferred route to access primary arylamines via cross-coupling.47-49 A key example by 
Hartwig and co-workers uses a Pd(0) catalyst in the reaction of lithium 
hexamethyldisilazide (LiN(SiMe3)2) with aryl halides.50 In these reactions, LiN(SiMe3)2 
can be cross-coupled with a variety of aryl bromides and chlorides, resulting in the 
formation of ArN(SiMe3)2 in good yields. These N-aryldisilazides can subsequently be 
deprotected under acidic conditions to yield the primary aniline.49-51 Ortho-substituted 
aryl halides failed to react under these conditions, which the authors attribute to the 
I 1 (10 mol%)
DPEPhos (15 mol%)
NH2
LiN(SiMe3)2 (2.6 eq)
LiN(SiMe3)2 (2.6 eq)
H
N
N
Si
Si
75%
Toluene, 100˚C, 12 h
99%
Omission of aniline leads to selective coupling of LiN(SiMe3)2!
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steric bulk of the nucleophile.50 Buchwald and co-workers subsequently confirmed this 
hypothesis by demonstrating that a less encumbered primary silylamine, Ph3SiNH2, 
could successfully yield the corresponding ortho-substituted aniline following 
deprotection.49 Since coupling ɑ-branched amine nucleophiles is challenging, these 
reactions were targeted in an effort to evaluate the potential of cobalt-mediated catalysis 
in C–N cross-coupling reactivity. 
 The cobalt-catalyzed amination of aryl iodides with LiN(SiMe3)2 was initially 
investigated. The reaction of one equivalent of iodobenzene with 2.6 equivalents of 
LiN(SiMe3)2 in the presence of 7.5 mol% (PPh3)3CoCl (1) refluxing in toluene for 12 h 
cleanly resulted in the formation of the N,N-bis(trimethylsilyl)aniline in 77% yield, which 
readily hydrolyzes with acid to aniline. In the absence of 1 no coupling product was 
observed, suggesting that this is a cobalt-mediated process.  
2.8: Optimization 
The relative importance of solvents, temperature, equivalents of silylamide and 
ligands on the reaction was evaluated using iodobenzene as a model substrate and the 
results are listed in Section 2.11, Table 2.4. The choice of solvent was critical for 
success as coordinating solvents inhibit reactivity (Section 2.11, Table 2.4, entries 1–8). 
Among the examined solvents, only non-coordinating solvents (toluene (77%), benzene 
(53%) and hexanes (46%)) gave rise to the coupled amine, with toluene resulting in the 
highest yield likely due to the increased solubility of the catalyst. Lower temperatures 
(<100 ˚C) did not result in coupled product (Table 2.4, entries 34–35).  
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Since other nucleophiles (e.g. lithium amide, lithium diisopropylamide, and lithium 
ditertbutylamide) did not couple when substituted for LiN(SiMe3)2, the number of 
equivalents of LiN(SiMe3)2 necessary for the transformation was investigated. When 
only one equivalent of LiN(SiMe3)2 was utilized, the formation of both aminated product 
and C–C coupled isomers of methylbiphenyl were observed from the reaction of an aryl 
radical with the solvent.38 The formation of the biaryl product was not detected when 2.6 
equivalents of nucleophile were used, while increasing nucleophile loading to 5.2 
equivalents resulted in the formation of aniline in 99% yield as assayed by GC analysis.  
Monitoring the reaction by 1H NMR spectroscopy at elevated temperature showed 
the loss of PPh3 under the reaction conditions, suggesting that the addition of an 
electron rich bidentate phosphine ligand may improve overall catalysis, akin to previous 
observations in the coupling of aniline. The addition of a variety of chelating phosphine 
ligands (15 mol%) to 1 resulted in the formation of aniline in higher yields (dppf (97%), 
BINAP (98%) and DPEPhos (95%), Section 2.11, Table 2.4, entries 10–13). The 
addition of dppe, however, resulted in a lower yield (68%) than any of the other 
phosphines, including PPh3. DPEPhos was chosen as the added phosphine on the 
basis of improved yield and overall cost effectiveness. The reaction conditions were 
optimized on the basis of these results to include 2.6 equivalents of nucleophile, 15 
mol% of DPEPhos, and 7.5 mol% of 1 at 100 ˚C in toluene. Lowering the catalyst 
loading from 7.5 mol% to 4 mol% and 2 mol% resulted in reduced product yields in the 
12-hour reaction timeframe.  
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2.9: Substrate scope 
With the optimized reaction conditions in hand, the scope of substrates was 
explored (Table 2.3). Under the optimized conditions, aryl iodides are the most reactive 
substrates; aryl bromides such as bromobenzene, 4-bromobiphenyl, and 2- 
bromonapthalene furnish the aminated product in good yield, albeit diminished relative 
to the analogous aryl iodides. Aryl chlorides, however, are unreactive under the reaction 
conditions, even for prolonged reaction times. (Table 2.2, entry 1) Although aryl triflates 
typically tend to result in similar two-electron chemistry as aryl iodides, the reactivity 
observed led to an intractable mixture of organic products. The reaction of aryl iodides 
featuring electron-donating groups (Me, naphthyl, Ph and OTBS) furnished the 
aminated product in excellent yields (Table 2.2, entries 2–5) while electron-withdrawing 
groups were also tolerated in moderate yields (Table 2.2, entries 7–9).  
The scope of this cobalt-catalyzed reaction tolerates several notable substrates not 
amenable to the existing Pd-mediated methods. For example, a boronate ester (entry 6) 
is tolerated under the reaction conditions to afford 4-aminophenylboronic acid pinacol 
ester in excellent yield (91%); palladium-catalyzed methods require installation of the 
amine prior to the boronate functionality.52-55 In a second example, the use of 4-
chloroiodobenzene (Table 2.2, entry 8) as a substrate resulted in the formation of 4-
chloroaniline, leaving the chloride as a functional group handle for further elaboration by 
other cross-coupling methods. Conversely, the reaction with 4-bromoiodobenzene 
resulted in the formation of p-phenylenediamine (Table 2.2, entry 9) in 94% yield 
following acidic workup.  
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Although this cross-coupling reaction can tolerate ortho substitution (Table 2.2, 
entry 10), the yields are diminished dramatically with respect to the meta- and para-
substituted counterparts. Previously reported palladium-catalyzed reactions failed in the 
case of ortho-substituted aryl halides and bis(trimethylsilyl) amide likely due to the 
significant bulk of the two trimethylsilyl groups.51 Interestingly, when 2-bromo-5-
iodotoluene (Table 2.2, entry 11) is used as a substrate, 2,5-diaminotoluene could be 
isolated in 74% yield, indicating that the addition of the electron-donating group resulting 
from the first coupling enhanced the reactivity, ultimately overcoming the steric 
constraints of the o-methyl.  
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Table 2.3: Substrate scope. Conditions: aryl halide (1 mmol), LiN(SiMe3)2 (2.6 mmol), 1 (0.075 mmol), DPEPhos 
(0.15 mmol), toluene (5 mL) 100 _C, 12 h. Yields reported as the average of three runs. 
 
X
1
X (PPh3)3CoCl 7.5 mol%
Toluene
100 oC, 12hR
Aryl Halide Product Isolated YieldEntry
DPEPhos 15 mol%
2.6 LiN(SiMe3)2
N(SiMe3)2
R
NH2
R
MeOH, HCl (aq)
RT, 1h
 GC Yield of 
RPhN(SiMe3)2
NH2X = I     95%
I NH2
99%
X
9
NH2
I
30 %
2
NH2
37%
Me Me
3
4
7
I
91%
10
NH2
96%
B BO
O
O
O
X = Br  65%
X = Cl  No RXN
X = I     91%
X = Br  60%
I
70%
5
NH2
73%
Cl Cl
X
6
NH2
Me Me
X
8
NH2
Br H2N
94%
I
90%
NH2
99%
O O
I
58%
NH2
64%
O
O
O
O
SitBu
SitBu
X = I     99%
X = Br  69%
X = I     96%
X = Br  61%
X = I     99%
X = Br  69%
X = I     94%
X = Br  63%
X = I     77%
X = Br  45%
X = I     74%
X = Br  39%
Br
69 %
NH2
77%
Me Me
11
I H2N
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2.10: Summary 
In this chapter, it was demonstrated that a simple Co(I) catalyst is a competent 
catalyst for the amination of aryl halides using LiN(SiMe3)2 as a nucleophile. The 
resulting arylamine products are readily deprotected with acid to yield the corresponding 
primary aniline, which represents the formal cross-coupling of an “ammonia surrogate.” 
In exploring the substrate scope of the reaction, it was shown that the cobalt-mediated 
method is tolerant of a variety of functional groups, including boronate esters and ortho-
encumbering groups, both of which are incompatible with palladium chemistry. This 
method provides an inexpensive route to primary anilines with a scope that is 
complementary to existing methodology and serves as an important case study for a 
potential two-electron cross-coupling process with cobalt. 
2.11: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
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purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Cobaltous chloride hexahydrate (Puratrem, 99.99%) and 
DPEPhos (>99%) were purchased from Strem and used as received. Aryl halides were 
purchased from Sigma-Aldrich; liquids were degassed before use, and solids were used 
as received. (PPh3)3CoCl41 and tert-butyl(4-iodophenoxy)dimethylsilane41,56 were 
prepared according to literature procedures. All additives in Table 2.4 were obtained 
from commercial sources and used as received, except where noted; nucleophiles in 
entries 36-40 were obtained from commercial sources as the parent amine and lithiated 
with n-butyllithium in hexanes immediately before use. (DPEPhos)CoCl28 and 
[Co(N(SiMe3)2)2]29 were prepared by literature procedures. Celite® 545 (J. T. Baker) 
was dried in a Schlenk flask for 24 hr under dynamic vacuum while heating to at least 
150˚C prior to use in a drybox. NMR Spectra were recorded at room temperature on a 
Varian spectrometer operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) and 
referenced to the residual CHCl3 (7.26 ppm) or C6D5H (7.16 ppm) resonance (δ in parts 
per million, and J in Hz); 31P Spectra were collected at 200 MHz and referenced to an 
external standard of H3PO4. Elemental analysis was performed on solid products by the 
University of Illinois Microanalysis Laboratory. Mass spectrometry (MS) was performed 
on liquids by the University of Illinois Mass Spectrometry Laboratory. Electron Impact 
(EI) spectra were performed at 70 eV using methane as the carrier gas on a Finnegan-
MAT C5 spectrometer. Data are reported in the form of m/z (intensity relative to the 
base peak = 100). 
Modified Synthesis of (PPh3)3CoCl (1). Additional characterization of the 
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complex is presented here to complement previously published data57. Samples 
purchased from Strem have shown diminished reactivity with respect to freshly 
prepared 1; as such the procedure is also reproduced here. 
 
Cobaltous chloride hexahydrate (0.600 g, 2.52 mmol) is added to a round bottom 
flask under an N2 atmosphere. EtOH (40 mL) is added, followed by solid 
triphenylphosphine (2 g, 7.63 mmol). The purple solution rapidly turns blue, and the 
mixture is heated to 70˚C to form a sky blue suspension. NaBH4 (0.080 g, 2.11 mmol) is 
added against a flow of N2 and the reaction is cooled to room temperature. The mixture 
exotherms slightly and begins to turn green, then darkens as a precipitate forms. 
Stirring is continued until the observed effervescence ceases. Once the reaction mixture 
has returned to room temperature, the precipitate is collected on a Büchner funnel 
under air and washed with ethanol until no blue color comes through the filtrate. The 
solid is then washed with a minimum amount of cold deionized water (~5 mL) ethanol 
(~10 mL) once more and then liberally with hexanes (30 mL). The solid is dried in vacuo 
to yield chlorotris(triphenylphosphine)cobalt(I) as a greenish-brown solid (1.60 g, 1.82 
mmol, 86%). The compound is reasonably stable to air and moisture in the solid state, 
but oxidizes rapidly in solution as evidenced by the evolution of a blue color. 1H NMR 
(500 MHz, Benzene-d6) δ 9.93 (br, 2H), 7.44 (br, 2H), 7.09 (br, 1H); No resonances 
were observed in the 31P NMR spectrum. Anal. Calcd for (PPh3)3CoCl (C54H45ClCoP3): 
C, 73.6; H, 5.2. Found: C, 73.2; H, 5.2. ICP-MS (Pd): 0.000088% 
CoCl2*6H2O 3 PPh3
i. EtOH, 70˚C 1 hr
ii. NaBH4, RT, ~30 min
86%Co
Cl
Ph3P PPh3PPh3
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Representative procedure for the preparation of secondary anilines using 
(PPh3)3CoCl (Table 2.2). 
 
To a tared 20 mL vial is added solid DPEPhos (71 mg, 0.132 mmol) and 
chlorotris(triphenylphosphine)cobalt (58 mg, 0.066 mmol), followed by 3 mL toluene. 
The mixture is heated to 85˚C and stirred for twenty minutes until a translucent ruddy 
brown solution forms. Meanwhile, iodobenzene (202 mg, 0.99 mmol) is added to a 35 
mL tall Schlenk tube followed by aniline (60 mg, 0.66 mmol). The mixture is taken up in 
2 mL toluene followed by the addition of lithium hexamethyldisilazide (437 mg, 2.62 
mmol). The DPEPhos/(PPh3)3CoCl solution is then quickly added to this solution, using 
minimal toluene to rinse the vial and walls of the tube. The reaction is then sealed and 
heated for 12 hours at 100˚C in a stirred oil bath. 
The reaction is then cooled before mesitylene (15 μL, 0.1 mmol) is added for GC-
MS and 1H NMR analysis. The product is identified by TLC vs. authentic diphenylamine 
in 10% ethyl acetate in hexanes. The crude mixture is then filtered through a pad of 
silica with ethyl acetate as the eluent, concentrated, and loaded onto a 2000 μm 
thickness preparatory TLC plate. The product is then separated using 10% ethyl acetate 
in hexanes. 
 
I NH2
(PPh3)3CoCl (10%)
H
N
LiNTMS2 (4eq)
DPEPhos (30%)
toluene, 12 h, 100˚C
H
N
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Diphenylamine (Table 2.2, entries 1-9). 1H NMR (500 MHz, Chloroform-d) 
δ 7.24 ppm (td, 4H), 7.04 (dd, 4H), 6.09 (td, 2H), 5.63 (br, 1H). 
N-phenyl-4-anisidine (Table 2.2, entries 10 and 13). 1H NMR (500 MHz, 
Chloroform-d) δ 7.24-7.17 (m, 2H), 7.08 (d, 2H), 6.91-6.79 (m, 5H), 5.48 
(br s, 1H), 3.79 (s, 3H). 
N-phenyl-2-nitroaniline (Table 2.2, entry 11).  1H NMR (500 MHz, 
Chloroform-d) δ 9.49 (br s, 1H), 8.20 (d, 1H), 7.43-7.33 (m, 3H), 7.28-7.20 
(m, 4H), 6.78 (t, 1H). 
N-phenyl-2-toluidine (Table 2.2, entry 12).  1H NMR (500 MHz, 
Chloroform-d) δ 7.19 (d, J=7.25Hz,1H), 7.13 (t, 1H), 6.94 (t, 3H), 6.89 (t, 
1H), 5.36 (s, 1H), 2.25 (s, 3H). 
Representative procedure for the synthesis of primary anilines using 
(PPh3)3CoCl. 
 
To a tared 20 mL vial in the glovebox is added solid DPEPhos (71 mg, 0.132 
mmol) and chlorotris(triphenylphosphine)cobalt (58 mg, 0.066 mmol), followed by 3 mL 
of toluene. The mixture is heated on a hot plate set to 85˚C and stirred for twenty 
minutes until a translucent ruddy brown solution forms. Meanwhile, aryl halide (1 mmol) 
I
N
Li
Si Si
[PPh3]3CoCl (7.5%mol)
DPEPhos
Toluene, 100˚C, 12 hr
N
Si
Si
95% GC
Et2O, HCl (aq)
RT 1 hr
NH2
91% iso
H
N
MeO
H
N
NO2
H
N
CH3
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is added to a 35 mL tall Schlenk tube followed by lithium hexamethyldisilazide (437 mg, 
2.62 mmol). The mixture is taken up in 2 mL toluene followed by the addition of the 
DPEPhos/(PPh3)3CoCl solution. Minimal toluene is used to rinse the vial and walls of 
the tube; the vessel is then sealed and removed from the glovebox. The reaction is then 
heated for 12 hours at 100˚C in a stirred oil bath. 
Work-up A (Most substrates): The reaction is then cooled before mesitylene (15 
μL, 0.1 mmol) is added for GC-MS analysis. The crude mixture is then diluted with 
methanol (20 mL) and 1 N HCl (aq) is added (2 mL). After stirring for one hour at room 
temperature (completeness monitored by TLC in 10% Ethyl Acetate/Hexanes), the 
phases are separated and washed with 1 M KOH, then brine. The organics are dried 
over Na2SO4 before being concentrated to a colorless oil and separated by silica gel 
chromatography (conditions for each product specified below).  
Work-up B (Acid-sensitive substrates): Note: This method was most effective 
for electron-rich substrates.  The reaction is then cooled before mesitylene (15 μL, 0.1 
mmol) is added for GC-MS analysis. The crude mixture is then diluted with diethyl ether 
(20 mL) and filtered over silica gel, using diethyl ether to wash remaining residue from 
the silica. The mixture is then adsorbed on silica (~1.5 g) and dried thoroughly. This was 
then let sit open to air for eight hours, during which time the silica begins to turn yellow. 
This is then loaded onto a column and the desired aniline isolated by chromatography 
(conditions for each product specified below). 
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Aniline (Table 2.3, Entries 1a & 1b; 1a: 85 mg, 0.91 
mmol, 91%, 1b: 56 mg, 0.60 mmol, 60%). Colorless oil, 
volatile. Purified by Method A using a mobile phase of 4:1 
Hexanes/Ethyl Acetate. 1H NMR (500 MHz, Chloroform-d) δ 
7.20 (ddd, J=7.4, 6.4, 0.8 Hz, 2H), 6.80 (tt, J=7.4, 1 Hz, 1H), 
6.71 (ddd, J=6.4, 1, 0.8 Hz, 2H), 3.65 (s, 2H); 13C NMR 
(CDCl3) δ 146.3, 129.2, 118.4, 115.0. HRMS (ESI) calcd for 
C6H7N [M+H]+: 94.0657, found: 94.0659. 
 
4-Toluidine (Table 2.3, Entries 2a & 2b; 2a: 104 mg, 0.96 
mmol, 96%, 2b: 66 mg, 0.61 mmol, 61%). Brown solid. 
Purified by Method A using a mobile phase of 9:1 
Hexanes/Ethyl Acetate. 1H NMR  (500 MHz, Chloroform-d) δ 
6.97 (d, J = 8.3 Hz, 2H), 6.62 (d, J = 8.3 Hz, 2H), 3.53 (s, 2H), 
2.25 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ 143.77, 
129.71, 127.74, 115.21, 20.41. Anal. Calcd for C7H9N: C, 
78.46; H, 8.47; N, 13.07. Found: C, 77.63; H, 8.44; N, 12.99. 
 
 
2-Aminonapthalene (Table 2.3, Entries 3a & 3b; 3a: 134 
mg, 0.94 mmol, 94%, 3b: 91 mg, 0.63 mmol, 63%). Brown 
solid. Purified by Method A using a mobile phase of 9:1 
Hexanes/Ethyl Acetate. 1H NMR (500 MHz, Benzene-d6) δ 
NH2
NH2
Me
NH2
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7.68-7.60 (m, 2H), 7.47 (d, J = 8.8 Hz, 1H), 7.34 (ddd, J = 8.2, 
6.8, 1.3 Hz, 1H), 7.18 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 6.82 (d, 
J = 2.3 Hz, 1H), 6.54 (dd, J = 8.8, 2.3 Hz, 1H), 2.77 (s, 2H); 
13C NMR (126 MHz, Benzene-d6) δ 149.56, 145.66, 135.67, 
129.07, 128.19, 126.72, 126.66, 122.83, 116.46, 104.95. 
 
 
4-Aminobiphenyl (Table 2.3, Entries 4a & 4b; 4a: 125 
mg, 0.74 mmol, 74%, 4b: 66 mg, 0.39 mmol, 39%). Brown 
solid. Purified by Method A using a mobile phase of 9:1 
Hexanes/Ethyl Acetate. 1H NMR (500 MHz, Chloroform-d) δ 
7.53 (d, J=7.52 Hz, 2H), 7.41 (m, 4H), 7.27 (t, J=7.56 Hz, 1H), 
6.76 (d, 8.18 Hz, 2H), 3.72 (s, 2H); 13C NMR (CDCl3) δ 145.8, 
141.1, 131.6, 128.61, 128.0, 126.4, 126.2, 115.3. Anal. Calcd 
for C12H11N: C, 85.17; H, 6.55; N, 8.28. Found: C, 85.08; H, 
6.52; N, 8.29. 
 
 
4-((tert-butyldimethylsilyl)oxy)aniline (Table 2.3, Entry 5; 
201 mg, 0.90 mmol, 90%). Yellow oil. Purified by Method B 
using a gradient mobile phase from pure hexanes to pure 
ethyl acetate in 10% increments. Slightly volatile. 1H NMR  
NH2
NH2
OSitBu
 41 
(500 MHz, Chloroform-d) δ 6.66 (d, J = 7.9 Hz, 2H), 5.58 (d, J 
= 7.9 Hz, 2H), 3.39 (s, 2H), 0.99 (s, 9H), 0.17 (s, 6H); 13C 
NMR (126 MHz, Chloroform-d) δ 148.04, 140.23, 120.54, 
116.18, 25.67, 18.09, -4.57. HRMS (ESI) calcd for 
C12H22NOSi [M+H]+: 224.1471, found: 224.1468. 
 
 
4-Aminophenylboronic Acid Pinacol Ester (Table 2.3, 
Entry 6; 199 mg, 0.91 mmol, 91%). Waxy white solid. Purified 
by Method A using a mobile phase of 9:1 Hexanes/Ethyl 
Acetate; alternatively, crystallizes from methylene chloride. 1H 
NMR (500 MHz, Chloroform-d) δ 7.62 (d, J=8.4 Hz, 2H), 6.66 
(d, J=8.4 Hz, 2H), 3.83 (s, 2H), 1.32 (s, 12H); 13C NMR 
(CDCl3) δ 136.3, 132.0, 114.0, 109.8, 83.26, 24.82. Anal. 
Calcd for C12H18BNO2: C, 65.79; H, 8.28; N, 6.39. Found: C, 
66.1; H, 8.27; N, 6.49. 
 
Methyl 4-Aminobenzoate (Table 2.3, Entry 7; 88 mg, 
0.58 mmol, 58%). White solid. Purified by Method A using a 
mobile phase of 9:1 Hexanes/Ethyl Acetate. 1H NMR (500 
MHz, Chloroform-d) δ 7.84 (d, J = 8.6 Hz, 2H), 6.63 (d, J = 8.6 
Hz, 2H), 4.08 (s, 2H), 3.85 (s, 3H); 13C NMR (126 MHz, 
Chloroform-d) δ 167.11, 150.79, 131.53, 119.63, 113.73, 
NH2
BO
O
NH2
O
O
 42 
51.54. Anal. Calcd for C8H9NO2: C, 63.56; H, 6; N, 9.27. 
Found: C, 63.58; H, 6.04; N, 9.32. 
 
4-Chloroaniline (Table 2.3, Entry 8; 90 mg, 0.70 mmol, 
70%). White solid. Purified by Method A using a mobile phase 
of 9:1 Hexanes/Ethyl Acetate. 1H NMR (500 MHz, Chloroform-
d) δ 7.10 (d, J = 8.32 Hz, 2H), 6.60 (d, J = 8.32 Hz, 2H), 3.65 
(s, 1H); 13C NMR (126 MHz, Chloroform-d) δ 144.90, 129.06, 
123.08, 116.17. Anal. Calcd for C6H6ClN: C, 56.49; H, 4.74; N, 
10.98. Found: C, 56.4; H, 4.7; N, 10.87. 
 
p-Phenylenediamine (Table 2.3, Entry 9; 98 mg, 0.94 
mmol, 94%). Brown solid. Purified by Method A using a 
mobile phase of 1:1 Ethyl Acetate/Hexanes. 1H NMR  (500 
MHz, Chloroform-d) δ 6.57 (s, 4H), 3.33 (s, 4H); 13C NMR 
(126 MHz, Chloroform-d) δ 138.56, 116.68. Anal. Calcd for 
C6H8N2: C, 66.64; H, 7.46; N, 25.9. Found: C, 67.21; H, 7.45; 
N, 25.51.  
 
2-Toluidine (Table 2.3, Entry 10; 32 mg, 0.30 mmol, 
30%). Brown oil. Purified by Method A using a mobile phase 
of 9:1 Hexanes/Ethyl Acetate. Slightly volatile. 1H NMR  (500 
MHz, Chloroform-d) δ 7.13-6.98 (m, 2H), 6.81-6.61 (m, 2H), 
3.60 (s, 2H), 2.18 (s, 3H); 13C NMR (126 MHz, Chloroform-d) 
NH2
Cl
NH2
H2N
NH2
Me
 43 
δ 144.48, 130.37, 126.89, 122.23, 118.55, 114.85, 17.28. 
HRMS (ESI) calcd for C7H9N [M+H]+: 108.0813, found: 
108.0812. 
 
 
4-amino-2-Toluidine (Table 2.3, Entry 11; 83 mg, 0.69 
mmol, 69%). Pink solid. Purified by Method A using a mobile 
phase of 3:1 Hexanes/Ethyl Acetate. 1H NMR (500 MHz, 
Chloroform-d) δ 6.39 (dt, J = 2.1, 0.9 Hz, 1H), 6.33 (d, J = 7.5 
Hz, 1H), 5.93 (dd, J = 7.5, 2.0 Hz, 1H), 4.03 (s, 2H), 3.54 (s, 
2H), 2.09 (s, 3H); 13C NMR (126 MHz, Chloroform-d) δ 
143.63, 138.23 , 127.42 , 121.33 , 119.53 , 116.78 , 17.64. 
HRMS (EI) calcd for C7H10N2 [M]+: 122.0844, found: 
122.0844. 
Optimization of Catalytic Reaction.  General procedure: To a tared 20 mL vial in 
a glovebox is added solid ligand (0.132 mmol) and catalyst (58 mg, 0.066 mmol), 
followed by 3 mL toluene. The mixture is heated on a hot plate set to 85˚C and stirred 
for twenty minutes until a translucent ruddy brown solution forms. Meanwhile, 
iodobenzene (204 mg, 0.99 mmol) is added to a 35 mL tall Schlenk tube followed by 
nucleophile (2.62 mmol). The mixture is taken up in 2 mL toluene followed by the 
addition of additive (1 mmol), then the ligand/(PPh3)3CoCl solution. Minimal toluene is 
used to rinse the vial and walls of the tube; the vessel is then sealed and heated for 12 
NH2
MeH2N
 44 
hours at 100˚C in a stirred oil bath.  The reaction is cooled before mesitylene (15 μL, 0.1 
mmol) is added for GC-MS analysis. These results are presented in Table 2.4.  
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Table 2.4:  Optimization of amination reaction. Each entry is the average of at least two runs. 
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Chapter 3: Synthesis of Co(I) halide and disilazide complexes 
bearing bidentate phosphine ligands 
3.1: Isolation of (PPh3)2CoN(SiMe3)2 and synthesis of derivatives 
While the coupling of LiN(SiMe3)2 with aryl halides is quite effective, we wondered 
if the synthesis of derivatives might allow us access to better yields or wider arrays of 
nucleophiles. However, in order to do this, we required better knowledge of the active 
catalyst in the reaction. Given the reaction’s dependence on the presence of excess 
LiN(SiMe3)2, we sought to determine if 1 was actually a precatalyst for an as-of-yet 
undetermined cobalt complex. 
To our delight, exposure of 1 to LiN(SiMe3)2 in toluene at room temperature rapidly 
forms (PPh3)2CoN(SiMe3)2 (2) in 93% isolated yield. X-ray quality crystals of 2 were 
grown from a cold, concentrated diethyl ether solution. Compound 2 displays a three-
coordinate Co(I) ion in a trigonal planar geometry with P–Co–N bond angles of 
129.51(8)˚ and 123.78(8)˚ and a Co–N distance of 1.918(2) Å. Importantly, this complex 
is both catalytically and stoichiometrically competent (Figure 3.1, left) for the formation 
of product in yields mildly better than that of 1. This reinforces the suggestion that 1 may 
function as a pre-catalyst, whereby initial reaction with LiN(SiMe3)2 yields the 
catalytically active species, 2. 
 We initially turned to direct derivatization of 2 as a method for installing bidentate 
phosphine ligands. However, even at elevated temperatures, exchange of the 
triphenylphosphine ligands on 2 does not occur to any quantifiable extent, as assayed 
by 1H NMR spectroscopy.  
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Figure 3.1:  Synthesis and reactivity of 2. Solid state structure of (PPh3)2CoN(SiMe3)2 (2) with thermal ellipsoids 
drawn at 50% (right). Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (˚): 
Co–N 1.918(2), Co–P 2.2545(9) and 2.2425(9); P–Co–N 129.51(8) and 123.78(8), P–Co–P 106.35(3). 
We noted, however, that in reactions of (PPh3)3CoCl (1), dissociation of 
triphenylphosphine occurs readily at room temperature, as observed by 31P NMR 
spectroscopy. We were delighted to observe that addition of one equivalent of dppf to a 
suspension of 1 in toluene led to the formation of a new cobalt-containing species by 1H 
NMR spectroscopy, concomitant with formation of free triphenylphosphine; while the 
reaction requires more than 24 hours to complete at room temperature, heating the 
mixture to 85 ˚C leads to complete conversion in 20 minutes, furnishing 
(dppf)CoCl(PPh3) (3a) in quantitative yield (Figure 3.2). While the chloride complex 
proved difficult to isolate cleanly due to similar solubilties of 3a and triphenylphosphine, 
the synthesis of (dppf)CoBr(PPh3) (3b) from (PPh3)3CoBr (1b)1 under the same 
conditions furnished clean complex following recrystallization from a concentrated 
diethyl ether solution of 3b at -35 ˚C. The crystals produced were suitable for X-ray 
diffraction, confirming the structural assignment. 
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Figure 3.2:  Preparation of Co(I) phosphine complexes via ligand exchange 
Complex 3b is in a tetrahedral geometry with Br−Co−P angles of 110.3(17)˚, 
111.2(14)˚, and 108.6(15)˚. The Co−P bond distances of 2.2964(8) Å (Co−Pdppf), 
2.2685(9) Å (Co−Pdppf), and 2.2724(9) Å (Co−PPPh3) are typical of cobalt phosphine 
complexes, albeit slightly elongated; however, unique to 3b is the cis-eclipsed geometry 
assumed by the dppf ligand, likely to relieve steric strain (Figure 3.3, top).  This eclipsed 
geometry is rare with fewer than a dozen examples found in the literature. For 
comparison, the complex formed with 1,1’-bis(diethylphosphino)ferrocene (depf), 
(depf)CoBr(PPh3) (4), shares nearly identical bond distances and angles, but features 
the typical staggered ferrocene geometry (Figure 3.3, bottom).  This difference in ligand 
geometry has little effect on the bite angle at the metal center, with 3b and 4 having 
P−Co−P angles of 111.7(8)˚ and 104.7(19)˚, respectively. In addition, cobalt(I) bromide 
complexes of (DPEPhos)CoBr(PPh3) (5), (deapf)CoBr(PPh3) (6), and (dppe)CoBr(PPh3)  
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(7) were prepared by the same method in excellent yields. 
 
 
Figure 3.3:  Solid state structures of (dppf)CoBr(PPh3) (3b) and (depf)CoBr(PPh3) (4). Selected bond angles and 
parameters can be found in the main text. 
 
The stable cobalt(I) halide complexes were reacted with lithium 
hexamethyldisilazide in toluene -35 ˚C, slowly warming to room temperature over the 
course of an hour. While the reaction of (PPh3)3CoCl with LiN(SiMe3)2 is fast (~1 h), the 
reaction of the corresponding bromide is significantly slower, requiring 10-12 hours to 
reach completion. Under identical reaction conditions, the cobalt bromides 3b and 5-7 
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were also reacted with lithium hexamethyldisilazide to furnish (dppf)CoN(SiMe3)2 (8), 
(DPEPhos)CoN(SiMe3)2 (9), and (deapf)CoN(SiMe3)2 (10), respectively, all in greater 
than 95% isolated yield. A one-pot procedure can be utilized to reduce reaction time 
and obtain the same products in very good yield and purity. Phosphine exchange with 
(PPh3)3CoCl and the desired ligand at 85 ˚C for 20 minutes, followed by the addition of 
LiN(SiMe3)2 at room temperature allows for isolation of pure material in a total of four 
hours. Recrystallization of the amide complexes (8-10) from either diethyl ether or 
hexanes afforded pure material and X-ray quality crystals. 
3.2: Catalysis with Co(I) disilazide complexes 
With a series of (P^P)CoN(SiMe3)2 complexes in hand, we sought to test the 
reactivity of these complexes as amination catalysts. Much like 2, the reactions using 
cobalt amide complexes 8-10 furnished bis(trimethylsilyl)aniline in yields analogous to 
those observed by simply stirring the phosphine ligand with 1 prior to the addition of 
iodobenzene and LiN(SiMe3)2, suggesting that phosphine exchange and formation of 8-
10 is indeed occurring from the precatalyst-based method. However, given the air and 
water sensitivity of the isolated Co(I) disilazide complexes, the precatalyst-based 
method is preferable for the coupling of LiN(SiMe3)2 due to its operational simplicity, 
particularly outside of a glovebox. 
One area where the precatalyst-based method fails, however, is in the coupling of 
nucleophiles other than LiN(SiMe3)2 with aryl halides. Substituting LiN(SiMe3)2 with 
arylmagnesium bromides or even other lithium amides failed to yield the desired cross-
coupling products; however, these nucleophiles could be coupled, albeit in low yields, if 
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an equimolar amount of LiN(SiMe3)2 was present in the reaction mixture. 
 With this observation in mind, we wondered if the limitation on the nucleophile 
scope has to do with competition between LiN(SiMe3)2 and the incumbent nucleophile 
for (PPh3)3CoCl under catalytic conditions. Given that we strongly implicate 2 as the 
active catalyst, it is not surprising that formation of other Co(I) amide complexes might 
inhibit catalysis. Thus, we were pleased to observe that the coupling of other lithium 
amides could be carried out in synthetically-useful yields (Table 3.1). These are 
sterically-encumbered nucleophiles that are typically difficult or impossible to cross-
couple with palladium-mediated chemistry. In fact, lithium N-(tert-
butylcarboxyl)tritylamide (Table 3.1, entry 3) represents the first reported example of a 
tritylamine synthon in cross-coupling catalysis, a feat only recently achieved with 
palladium catalysis.2 The catalysts bearing bidentate phosphine ligands, 8 and 9, are 
capable of carrying out even more demanding couplings in excellent yields, furnishing 
the final tritylamine and adamantylamine derivatives in 70-80% yields from the 
triphenylsilyl-protected nucleophile (Table 3.1, entries 5-8). 
 56 
 
Table 3.1:  Catalysis with (P^P)CoN(SiMe3)2 complexes enables access to highly encumbered nucleophiles as 
coupling partners. aDeprotected with HCl prior to isolation. 
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3.3: Summary 
In this chapter, it was demonstrated that a variety of Co(I) phosphine complexes 
can be prepared in an expeditious manner for screening as catalysts. While 2 is largely 
inert toward phosphine substitution, exchange is facile from the Co(I) halides. Preparing 
a series of (P^P)CoBr(PPh3) complexes allowed us to characterize the coordination 
geometry of a variety of bidentate phosphine ligands around a low-valent cobalt center. 
In some of these cases, we were able to characterize unusual conformations of 
ferrocenyl diphosphine ligands, which may provide new avenues for asymmetric 
catalysis in future applications. Conversion of these Co(I) halide complexes to the 
corresponding three-coordinate hexamethyldisilazide complexes is accomplished in 
near-quantitative yields in all cases, providing general access to this intriguing class of 
compounds for use as catalysts. 
In using these cobalt disilazide complexes directly in catalysis, we were able to 
observe an improvement in the nucleophile scope relative to the precatalyst-mediated 
method. Due to obviating competition between LiN(SiMe3)2 and the incumbent 
nucleophile, we were able to cleanly convert aryl halides to secondary and tertiary 
anilines in good to excellent yields using (P^P)CoN(SiMe3)2 complexes directly as 
catalysts. This method allows access to sterically-encumbered amines that are 
challenging for palladium catalysis using simple, inexpensive ligands. These results are 
suggestive of low-valent cobalt catalysis as a complementary method to palladium-
catalyzed cross-coupling in synthetic organic chemistry. 
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3.4: Solid state structures 
(PPh3)2CoN(SiMe3)2 (2) 
 
 
 
Co–N                 1.918(2) Å 
Co–P                2.2545(9) Å 
                         2.2425(9) Å 
P–Co–N           129.51(8)˚ 
                         123.78(8)˚ 
P–Co–P            106.35(3)˚ 
(dppf)CoBr(PPh3) (3b) 
 
 
 
Co–Br   2.3470(4) Å 
Co–P    2.2964(8) Å  
             2.2685(9) Å 
 (PPh3) 2.2724(9) Å 
 
 
P–Co–Br 110.3(17)˚ 
               111.2(14)˚ 
  (PPh3)   108.6(15)˚ 
P–Co–P 103.3(3)˚ 
               110.7(8)˚ 
  (bite)     111.7(8)˚ 
(depf)CoBr(PPh3) (4) 
 
 
 
Co–Br  2.4226(5) Å 
Co–P   2.2946(6) Å  
          2.2875(10) Å 
(PPh3) 2.2553(11) Å 
 
 
P–Co–Br 109.2(2)˚ 
               115.5(11)˚ 
  (PPh3)   111.7(19)˚ 
P–Co–P 101.1 (2)˚ 
               105.1 (2)˚ 
  (bite)    104.7 (19)˚ 
Table 3.2:  Summary of structures presented in this chapter, with selected bond lengths and angles. Thermal 
ellipsoids are shown at the 50% probability level and hydrogen atoms have been omitted for clarity. 
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(dppf)CoN(SiMe3)2 (8) 
 
 
 
Co–N      1.9220(15) Å 
Co–P       2.2368(5) Å  
                2.2412(5) Å 
P–Co–N 130.7(3)˚ 
               127.0(3)˚ 
P–Co–P 101.7(12)˚ 
(DPEPhos)CoN(SiMe3)2 
(9) 
 
 
 
Co–N      1.913(3) Å 
Co–P       2.2190(13) Å  
                2.2257(13) Å 
P–Co–N 127.0(7)˚ 
               127.1(8)˚ 
P–Co–P 105.2(3)˚ 
(deapf)CoN(SiMe3)2 
(10) 
 
 
 
Co–N      1.949(8) Å 
Co–P       2.282(3) Å  
                2.265(2) Å 
P–Co–N 127.8(14)˚ 
               126.1(16)˚ 
P–Co–P 104.8(6)˚ 
 
Table 3.2 (continued):  Summary of structures presented in this chapter, with selected bond lengths and 
angles. Thermal ellipsoids are shown at the 50% probability level and hydrogen atoms have been omitted for 
clarity. 
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3.5: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Cobaltous chloride hexahydrate (Puratrem, 99.99%) and 
DPEPhos (>99%) were purchased from Strem and used as received. Dppf was 
purchased from AOKChem (>99%) and used as received. Dppe was purchased from 
Sigma-Aldrich (>95%) and used as received. Ligands deapf3 and depf4 were prepared 
according to literature procedures. Iodobenzene purchased from Sigma-Aldrich and 
degassed prior to storage in a drybox. (PPh3)3CoCl5 and (PPh3)3CoBr1 were prepared 
according to literature procedures. Celite® 545 (J. T. Baker) was dried in a Schlenk 
flask for 24 hr under dynamic vacuum while heating to at least 150˚C prior to use in a 
drybox. NMR Spectra were recorded at room temperature on a Varian spectrometer 
operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) and referenced to the residual 
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CHCl3 (7.26 ppm) or C6D5H (7.16 ppm) resonance (δ in parts per million, and J in Hz); 
31P Spectra were collected at 200 MHz and referenced to an external standard of 
H3PO4. Elemental analysis was performed by the University of Illinois Microanalysis 
Laboratory. Mass spectrometry (MS) was performed by the University of Illinois Mass 
Spectrometry Laboratory. Electron Impact (EI) spectra were performed at 70 eV using 
methane as the carrier gas on a Finnegan-MAT C5 spectrometer. Data are reported in 
the form of m/z (intensity relative to the base peak = 100). 
Synthesis of (PPh3)2CoN(SiMe3)2 (2). In the glovebox, 
chlorotris(triphenylphosphine)cobalt (440 mg, 0.5 mmol) is added to a tared 20 mL vial 
followed by 20 mL toluene. The mixture is stirred at room temperature for ~5-10 min to 
ensure homogeneity before cooling the solution to –35˚C. To this solid lithium 
hexamethyldisilazide (85 mg, 0.5 mmol) is added. The mixture is stirred at room 
temperature for two hours then concentrated to dryness in vacuo. The residue is 
triturated with hexanes (3 x 2 mL) and the residual solids are then taken up into a 
minimal amount of diethyl ether (~ 2 mL). The solution is then filtered through a pad of 
Celite, concentrated slightly (~ 1.5 mL) and cooled to −35˚C overnight, yielding crystals 
suitable for X-ray diffraction. The mother liquor is concentrated further and again cooled 
to −35˚C, yielding pure 2 (340 mg, 0.46 mmol, 91%). 1H NMR (500 MHz, Benzene-d6) δ 
13.99, 9.61, 2.87, 1.64; No resonances were observed in the 31P NMR spectrum. Anal. 
Calcd for C42H48CoNP2Si2: C, 67.81; H, 6.50; N, 1.88. Found: C, 67.95; H, 6.51; N, 1.76. 
Representative procedure for the synthesis of (P^P)CoBr(PPh3) complexes. 
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(dppf)CoBr(PPh3) (3b). Tris(triphenylphoshine)cobalt bromide (0.232 g, 0.25 mmol) 
is added to a 20 mL scintillation vial, to which is added 2 mL of toluene. This suspension 
is stirred as dppf (0.138 g, 0.25 mmol) is weighed into a separate vial and dissolved in 2 
mL of toluene. This solution is added in one portion to the stirred suspension of cobalt 
bromide, and the temperature on the hot plate is set to 80˚C. The mixture is let stir for 
20 min at 80˚C before cooling to room temperature, by which point a deep green 
solution has formed. The mixture is filtered over Celite™ and washed with a small 
amount of hexanes (~1 mL). The filtrate is then concentrated, lyophilized with hexanes 
twice, and then dissolved in diethyl ether. This ether solution is then concentrated to 
incipient crystallization and filtered over Celite™ once more before being placed in the 
freezer overnight, yielding green, prismatic crystals suitable for X-ray analysis (0.236 g 
isolated, 97%). 1H NMR  (500 MHz, Benzene-d6) δ 13.94, 11.15, 10.28, 7.36, 5.52, 
2.08, -2.59; Anal. Calcd for C52H51BrCoFeP3: C, 64.82; H, 5.34. Found: C, 67.15; H, 
4.93.  
 
 
(depf)CoBr(PPh3) (4, 0.181 g, 94%). Green trapezoidal prisms, crystalized from 
diethyl ether. 1H NMR (500 MHz, Benzene-d6) δ 12.91, 10.70, 8.90, 3.70, 1.31, -7.04, -
Co
PPh3Ph3P
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80˚C
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9.71; Anal. Calcd for C36H53BrCoFeP3: C, 56.64; H, 5.68. Found: C, 57.26; H, 6.16. 
(DPEPhos)CoBr(PPh3) (5, 0.230 g, 98%). Green powder, precipitated from 
hexanes/diethyl ether (98:2). 1H NMR (500 MHz, Benzene-d6) δ 12.96, 12.59, 9.96, 
7.59, 7.33, 5.78, 5.40, 2.30, 1.82, -0.08. Anal. Calcd for C54H43BrCoOP3: C, 69.02; H, 
4.61. Found: C, 69.07; H, 4.63. 
(dppe)CoBr(PPh3) (7, 183 mg, 92%). Green powder, precipitated from diethyl ether 
at room temperature. 1H NMR (500 MHz, Benzene-d6) δ 13.92, 11.62, 3.59, 3.26, 2.98, 
2.44, 1.42, 1.12, -4.54, -5.70; Anal. Calcd for C44H39BrCoP3: C, 66.10; H, 4.92. Found: 
C, 66.11; H, 4.95. 
Representative procedures for the synthesis of (P^P)CoN(SiMe3)2 
complexes. 
 
 (dppf)CoN(SiMe3)2 (8). Method A describes the stepwise synthesis beginning from 
cobalt bromide 3b, whereas Method B describes the one-pot procedure beginning from 
(PPh3)3CoCl used to prepare the majority of materials used in catalytic reactions and 
the kinetic studies. 
Method A: 3b (0.191 g, 0.20 mmol) is added to a 20 mL scintillation vial, to which is 
added 2 mL of toluene. This solution is cooled to -35˚C while lithium 
Co
PPh3Ph3P
X
PPh3
dppf, 80˚C (dppf)CoX(PPh3)
X = Cl, 3a
X = Br, 3b
LiN(SiMe3)2
toluene, -35˚C to RT
X = Br, 10 h, Method A
X = Cl, 5 h Method B
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SiMe3
SiMe3
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hexamethyldisilazide (0.034 g, 0.20 mmol) is weighed into a separate vial and dissolved 
in 2 mL of toluene. This solution is added in one portion to the stirred suspension of 
cobalt bromide, and the reaction is let warm to room temperature while stirring overnight 
(10 hours). The mixture is filtered over Celite™ and washed with a small amount of 
hexanes (~1 mL). The filtrate is then concentrated, lyophilized with hexanes twice, and 
then dissolved in diethyl ether. This ether solution is then concentrated to incipient 
crystallization and filtered over Celite™ once more before being placed in the freezer 
overnight, yielding green, prismatic crystals suitable for X-ray analysis (0.152 g isolated, 
98%). 1H NMR (500 MHz, Benzene-d6) δ 14.08, 12.28, 8.21, 2.94, 1.09, -5.65; Anal. 
Calcd for C40H46CoFeNP2Si2: C, 62.10; H, 5.99; N, 1.81. Found: C, 61.48; H, 5.77; N, 
2.07. 
Method B: Tris(triphenylphosphine)cobalt chloride (0.221 g, 0.25 mmol) is added to 
a 20 mL scintillation vial, to which is added 2 mL of toluene. This suspension is stirred 
as dppf (0.138 g, 0.25 mmol) is weighed into a separate vial and dissolved in 2 mL of 
toluene. This solution is added in one portion to the stirred suspension of cobalt 
bromide, and the temperature on the hot plate is set to 80˚C. The mixture is let stir for 
20 min at 80˚C before cooling to room temperature, by which point a deep green 
solution has formed. The mixture is filtered over Celite™ and washed with a small 
amount of hexanes (~1 mL). Without further purification, this solution is cooled to -35˚C 
while lithium hexamethyldisilazide (0.043 g, 0.25 mmol) is weighed into a separate vial 
and dissolved in 2 mL of toluene. This solution is added in one portion to the stirred 
suspension of cobalt bromide, and the reaction is let warm to room temperature while 
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stirring for five hours. The mixture is filtered over Celite™ and washed with a small 
amount of hexanes (~1 mL). The filtrate is then concentrated, lyophilized with hexanes 
twice, and then dissolved in diethyl ether. This ether solution is then concentrated to 
incipient crystallization and filtered over Celite™ once more before being placed in the 
freezer overnight, yielding green, prismatic crystals suitable for X-ray analysis (0.152 g 
isolated, 98%). 1H NMR  (500 MHz, Benzene-d6) δ 14.08, 12.28, 8.21, 2.94, 1.09, -5.65; 
Anal. Calcd for C40H46CoFeNP2Si2: C, 62.10; H, 5.99; N, 1.81. Found: C, 61.48; H, 5.77; 
N, 2.07. 
 (DPEPhos)CoN(SiMe3)2 (9, 0.180 g, 95%). Orange blocks, crystalized from diethyl 
ether/tetrahydrofuran (98:2). 1H NMR (500 MHz, Benzene-d6) δ 13.61, 12.51, 8.43, 
7.39, 7.04, 0.75, 0.10, -4.41; Anal. Calcd for C42H46CoNOP2Si2: C, 66.56; H, 6.12; N, 
1.85. Found: C, 66.55; H, 6.07; N, 1.83. 
 (deapf)CoN(SiMe3)2 (10, 0.181 g, 96%). Yellow blocks, crystalized from 
hexanes/tetrahydrofuran (98:2). 1H NMR (500 MHz, Benzene-d6) δ 21.91, 17.54, 9.07, 
3.13, 0.19, -0.97, -7.45; Anal. Calcd for C32H73CoFeN5P2Si2 C, 50.52; H, 9.67; N, 9.20. 
Found: C, 50.50; H, 9.69; N, 9.20. 
 
 
Synthesis of protected lithium silylamide nucleophiles.   
Note on nucleophile preparation: Due to varying stability of the lithium amides 
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used, the compounds are stored as the parent amine and lithiated immediately before 
use. 
Lithium 1,1-dimethyl-3,3-diphenyl-1,3-dihydrobenzo[c][1,2]azasilol-2-ide. Lithium 
1,1-dimethyl-3,3-diphenyl-1,3-dihydrobenzo[c][1,2]azasilol-2-ide, was prepared in a 
manner similar to that used by Schulz et al.6 N-trimethylsilyltriphenylmethylamine (497 
mg, 1.5 mmol) is weighed into a tared vial in the glovebox. Diethyl ether (5 mL) is 
added, and the mixture is stirred at room temperature until fully dissolved, after which n-
butyllithium (0.93 mL of 1.6 M in hexanes, 1.5 mmol) is added dropwise. Vigorous 
effervescence is observed, followed by the formation of a white precipitate; this 
precipitate briefly redissolves, yielding a pale yellow solution, before crashing out as a 
white powder once more, accompanied by increased effervescence. This is left stirring 
at room temperature for a further 45 minutes, before being concentrated to a white 
powder. This powder is then washed with cold hexanes (~2 mL) and dried under 
vacuum to remove residual ether. For catalytic reactions, this powder is used as-is; for 
characterization of the salt, the compound is taken up into THF, concentrated to 
incipient crystallization, and cooled to -40˚C overnight, yielding crystals suitable for X-
ray diffraction (472 mg, 1.47 mmol 98%). HRMS (ESI) calcd for C21H21LiNSi [M+H]+: 
322.1603, found: 322.1599. 
Lithium tert-butyltritylcarbamate. Triphenylmethylamine (259 mg, 1.0 mmol) is 
weighed into a tared vial in the glovebox. Diethyl ether (10 mL) is added, and the 
mixture is stirred at room temperature until fully dissolved, after which n-butyllithium 
(0.65 mL of 1.6 M in hexanes, 1.0 mmol) is added dropwise. Vigorous effervescence is 
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observed, followed by the generation of a pale yellow color. This is left stirring at room 
temperature for a further 45 minutes, following which di-tert-butyl dicarbonate (218 mg, 
1.0 mmol) is added in portions as a solid. CAUTION: Great care must be taken to 
ensure that the reagent is added slowly, as the reaction exotherms strongly with the 
vigorous liberation of CO2. The mixture is stirred for 20 minutes before being 
concentrated to a white powder. This powder is then washed with cold hexanes (~2 mL) 
and dried under vacuum to remove residual ether. For catalytic reactions, this powder is 
used as-is. 
Lithium triphenylsilyltritylamide. Triphenylmethylamine (0.389 g, 1.5 mmol) is 
weighed into a tared vial in the glovebox. Diethyl ether (5 mL) is added, and the mixture 
is stirred at room temperature until fully dissolved, after which n-butyllithium (0.93 mL of 
1.6 M in hexanes, 1.5 mmol) is added dropwise. Vigorous effervescence is observed, 
followed by the formation of a white precipitate. To this suspension is then added a 
solution of triphenylsilyl chloride (0.441 g, 1.5 mmol) in diethyl ether (3 mL). The white 
powder redissolves with the observation of a slight yellow color. Another equivalent of n-
butyllithium (0.93 mL of 1.6 M in hexanes, 1.5 mmol) is added dropwise, precipitating a 
white powder once more. This is left stirring at room temperature for a further 45 
minutes, before being concentrated filtered to isolate the white precipitate. This powder 
is then washed with cold hexanes (~2 mL) and dried under vacuum to remove residual 
ether. It is then taken up into THF, concentrated to incipient crystallization, and cooled 
to -40˚C overnight, furnishing the pure product as crystalline needles (0.377 g, 0.72 
mmol 48%). 1H NMR (500 MHz, Chloroform-d) δ 7.77 (dd, J = 7.5, 2.0 Hz, 6H), 7.46 (td, 
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J = 4.1, 1.7 Hz, 6H), 7.40 – 7.35 (m, 15H), 7.33 – 7.27 (m, 3H). 
Lithium triphenylsilyladamantylamide. Prepared in an analogous manner to lithium 
N-triphenylsilylamide. 0.180 g isolated, 0.72 mmol 12%. 1H NMR (500 MHz, Chloroform-
d) δ 7.46 (ddd, J = 6.3, 3.2, 1.6 Hz, 1H), 7.38 (qd, J = 4.0, 1.5 Hz, 1H), 2.10 (p, J = 3.2 
Hz, 0H), 1.99 (d, J = 3.3 Hz, 1H), 1.71 (t, J = 3.1 Hz, 1H).  
Procedure for the cross-coupling of other nucleophiles using 
(PPh3)2CoN(SiMe3)2 (2).   
 
General cross-coupling procedure: Iodobenzene (204 mg, 1 mmol) is added to a 
35 mL tall Schlenk tube, followed by nucleophile (2.62 mmol). The mixture is taken up in 
3 mL toluene followed by the addition of the (PPh3)2CoN(SiMe3)2 (56 mg, 0.075 mmol). 
An additional 2 mL toluene is used to rinse the vial and walls of the tube; the vessel is 
then sealed and removed from the glovebox. The reaction is then heated for 12 hours at 
100˚C in a stirred oil bath. The reaction is then cooled and concentrated to dryness and 
isolated as specified for each product below.  
 
1,1-dimethyl-2,3,3-triphenyl-2,3-dihydro-1H-
benzo[c][1,2]azasilole (Table 3.1, Entry 1; 100% conversion 
by GC-MS, 364 mg isolated, 0.93 mmol, 93%). Pale yellow 
air- and moisture-sensitive solid. Isolated by preparative 
N(SiMe3)2Co
Ph3P
Ph3P
7.5 mol%
Toluene, 100˚C, 12hr
I
N
Li
NSiPh
Ph Si
Ph Ph
93%
N
Si
Ph Ph
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TLC using a mobile phase of 9:1 Hexanes/Ethyl acetate. 1H 
NMR (499 MHz, Benzene-d6) δ 7.64 - 7.51 (m, 4H), 7.43 - 
7.32 (m, 2H), 7.11 - 6.98 (m, 8H), 6.99 - 6.84 (m, 6H), 6.71 
(tt, J = 6.7, 2.0 Hz, 1H), 0.56 (s, 6H). 13C NMR (126 MHz, 
Benzene-d6) δ 158.00, 145.29, 144.77, 134.28, 134.21, 
134.05, 130.69, 130.16, 129.83, 127.06, 126.75, 126.70, 
124.53, 121.12, 79.95, 1.37. HRMS (EI) calcd for C27H25NSi 
[M]+: 391.1756, found: 391.1756.  
 
N-adamantylaniline (Table 3.1, Entries 2, 5, and 7; 56% 
conversion by GC-MS, 102 mg isolated, 0.45 mmol, 45%). 
Off-white solid. Deprotected and purified by Method A (see 
page S3) using a mobile phase of 7.5% Ethyl 
Acetate/Hexanes. 1H NMR (500 MHz, Benzene-d6) δ 6.83 (t, 
J = 7.2 Hz, 1H), 6.73 (dd, J = 8.5, 3.0 Hz, 2H), 3.02 (s, 1H), 
1.88 – 1.93 (m, 3H), 1.74 (d, J = 3.0 Hz, 6H), 1.45 – 1.55 (m, 
6H); 13C NMR (126 MHz, Benzene-d6) δ 146.76, 129.05, 
119.12, 119.05, 51.95, 43.56, 36.65, 30.0. HRMS (EI) calcd 
for C16H21N [M]+: 227.1674, found: 227.1674.  
 
Tert-butyl phenyl(trityl)carbamate (Table 3.1, Entry 3; 
60% conversion by GC-MS, 252 mg isolated, 0.58 mmol 
58%). Pale yellow solid. Isolated by preparative TLC using a 
N
H
N
Boc
Ph
PhPh
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mobile phase of 9:1 Hexanes/Ethyl acetate. 1H NMR (500 
MHz, Chloroform-d) δ 7.71 -7.64 (m, 6H), 7.48 - 7.34 (m, 
8H), 7.30 (m, 3H), 7.22 (tt, J = 7.5, 2.1 Hz, 1H), 1.42 (s, 9H); 
13C NMR (125 MHz, Chloroform-d) δ 149.40, 142.64, 
139.57, 131.73, 130.77, 129.21, 129.06, 127.91, 127.13, 
80.22, 74.08, 28.16. HRMS (EI) calcd for C30H29NO2 [M]+: 
435.2198, found: 435.2198.  
 
 
2-phenylmesitylene (Table 3.1, Entry 4; 38% 
conversion by GC-MS, 61 mg, 0.31 mmol, 31%). Colorless 
oil. Purified by preparative TLC using a mobile phase of 
100% Hexanes. 1H NMR (500 MHz, Chloroform-d) δ 7.24 - 
7.18 (m, 2H), 7.15 - 7.09 (m, 1H), 7.08 - 7.03 (m, 2H), 6.87 
(s, 2H), 2.20 (s, 3H), 2.04 (s, 6H); 13C NMR (126 MHz, 
Benzene-d6) δ 141.78, 139.42, 136.46, 135.78, 129.58, 
128.69, 128.51, 126.71, 21.08, 20.91. HRMS (EI) calcd for 
C15H16 [M]+: 196.1252, found: 196.1252. 
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Chapter 4: Mechanistic studies of Co(I)-mediated amination of 
aryl halides 
4.1: Mechanistic considerations 
Based on the previously established literature precedent of 1 to participate in 
radical chemistry1 we sought to understand this catalytic process in more detail to 
delineate a two-electron pathway and a radical or caged radical mechanism. As such, 
both stoichiometric and catalytic reactions were explored with iodobenzene as the 
model substrate.  In palladium coupling, benzyne intermediates have been proposed, 
and the lower yields observed by electron deficient substrates are consistent with this 
mechanistic pathway. In a benzyne-type mechanism, one would expect the attack of the 
amine nucleophile to be unselective, resulting in the formation of ipso- and ortho-
aminated products. However, the expected regioisomers of the aniline product from 
benzyne formation are never observed in our reaction.2 Furthermore, replacing toluene 
with durene as the solvent in the catalytic transformation did not result in formation of 
the Diels-Alder adduct, which has been shown to trap the putative benzyne 
intermediate.3,4 Similarly, in a recently reported Ullman coupling, C−N bond formation in 
carbazole proceeds via a photo-induced single electron transfer.5,6 To determine if the 
observed coupling is proceeding through a photoinduced aminyl radical generated from 
LiN(SiMe3)2, the reaction was conducted in the absence of light under standard catalytic 
conditions. Running the reaction in the dark did not diminish the yield of aniline 
formation (96%) (Section 2.11, Table 2.4, entry 14).  
To investigate the possibility of radical intermediates within catalysis, various 
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radical traps were employed including 1,4-cyclohexadiene, BHT (2,6-di-tert-butyl-4-
methylphenol) and 1,1-diphenylethene. Under standard catalytic conditions the primary 
aryl amine was solely formed and the unconsumed additive was detected by GC-MS.  
Mechanistic studies of the elimination of ethane from (PMe3)3Co(CH3)2I by Bernskoetter 
and coworkers suggested that these results are evidence against an uncaged radical 
intermediate; however, a caged radical could be present.7 Addition of other radical traps 
such as TEMPO and ClCPh3, not surprisingly, reacted with 1 or nucleophile prior to 
being exposed to the catalytic conditions resulting in a myriad of products. 
4.2: Stoichiometric reactivity 
In order to assess the role of single- versus two-electron transfer reactions, we 
sought to develop an understanding of the behavior of 1 in a stoichiometric regime. As 
depicted in Figure 1, exposure of 1 to one equivalent of iodobenzene at room 
temperature in toluene did not result in a productive reaction by GC-MS or 1H NMR 
spectroscopy. Monitoring the heated mixture (100 ºC) by GC-MS resulted in quantitative 
conversion of the iodobenzene to chlorobenzene in the first four hours of the reaction. 
Additional heating (12 h) converted the chlorobenzene quantitatively to biaryl. The 
organic products were then removed by extraction with toluene, from which (PPh3)2CoI2 
was isolated.8 The ratio of biaryl isomers is consistent with that reported in the radical 
reaction with the solvent (o : m : p = 1.6 : 1.0 : 2.0).9  
Stoichiometric reactions between 1 and iodobenzene were also conducted in the 
presence of LiN(SiMe3)2. If 1 and iodobenzene are stirred together at 100ºC as 
previously described before the addition of LiN(SiMe3)2, the only product obtained after 
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12 hours is a mixture of biaryls. However, when LiN(SiMe3)2 is added before the 
reaction is heated, the aminated product is isolated in 70% yield; the same result is 
obtained when 1 and LiN(SiMe3)2 are stirred at 100ºC prior to the addition of 
iodobenzene. Chlorobenzene is not observed in any reaction in which the nucleophile is 
added before or concurrently with iodobenzene. These results suggest that a non-
productive halide metathesis can occur between the cobalt complex and iodobenzene, 
irreversibly converting the reactive aryl iodide into an inert aryl chloride, which then may 
be consumed by a Co(II) species arising from the known disproportionation pathway of 
the unstable (PPh3)2CoI (Figure 4.1).10 The presence of nucleophile prevents this 
equilibration and  results in the formation of the desired arylamine product.  
 
Figure 4.1: Stoichiometric reactions of 1 with iodobenzene 
4.3: Cobalt(II) as an intermediate 
Although evidence for radical formation was not detected with various radical 
trapping experiments (vide supra), the potential for the formation of a Co(II) intermediate 
within the catalytic cycle is plausible. In this regard, (DPEPhos)CoCl2 was substituted 
for 1 in the catalytic reaction.11 Surprisingly, the reaction formed both the desired 
arylamine product and biaryl isomers in a 1:1 mixture (Table 4.1, entry 2). This is in 
stark contrast to the reaction with 1, which forms only arylamine under standard 
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catalytic conditions (Table 4.1, entry 1). Furthermore, the in situ generation of 
(DPEPhos)Co(N(SiMe3)2)2 from the reaction of two equivalents of DPEPhos with 
Co2(N(SiMe3)2)4 was prepared and submitted to the reaction conditions, yielding an 
85:15 mixture of arylamine and biaryl isomers (Table 4.1, entry 3). Increasing the 
amount of (DPEPhos)Co(N(SiMe3)2)2 to 15 mol% complex, increased the ratio of 
arylamine to biaryls (70:30). 
 
Table 4.1: Divergent reactivity of Co(I) and Co(II) 
Given the distinctly different reactivity of 1 and the cobalt(II) catalysts, we sought to 
reconcile the role of each.  As previously described, 1 does not react with 
chlorobenzene under the standard reaction conditions (Table 4.1, entry 4) and offered 
an opportunity to understand the divergent reactivity profiles of the two oxidation states. 
As described in Table 4.1, the reactions of (DPEPhos)CoCl2 or 
(DPEPhos)Co(N(SiMe3)2)2 with chlorobenzene as a substrate differentiates itself from 
the reactions of both Co(I) and Co(II) with iodobenzene. While (DPEPhos)CoCl2 and 
1
X
 7.5 mol%
Toluene
100 oC, 12h
X Aniline BiarylEntry
2.6 LiN(SiMe3)2
N(SiMe3)2
  77%     0%
+ CH3+
I
[Co]
[Co]
(PPh3)3CoCl (1)
2   50%     50%I (DPEPhos)CoCl2
3 85% 15%I (DPEPhos)Co(N(SiMe3)2)2
4 0% 0%Cl (PPh3)3CoCl (1)
5 0%     95%Cl (DPEPhos)CoCl2
6
65% 0%I (PPh3)3CoCl (1) + Zn7
68%     0%I (DPEPhos)CoCl2 + Zn8
69%     0%I (DPEPhos)Co(N(SiMe3)2)2 + Zn9
0%     0%Cl (DPEPhos)CoCl2 + Zn
10
0%     0%Cl (DPEPhos)Co(N(SiMe3)2)2 + Zn
0%     98%Cl (DPEPhos)Co(N(SiMe3)2
11
0% 0%Cl (PPh3)3CoCl (1) + Zn
12
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(DPEPhos)Co(N(SiMe3)2)2 forms arylamine from iodobenzene, the sole isolated product 
from the reaction with chlorobenzene is biaryl isomers (Table 4.1, entries 5 and 6), 
suggesting that a Co(II) species is likely responsible for the formation of biaryl 
byproduct.  If a Co(II) species was accessed in our catalytic cycle, then reacting 1 
(under standard conditions) with a 50:50 mixture of iodo- and chlorobenzene should 
result in the isolation of biaryl products. Instead these reaction conditions resulted in no 
biaryl products and a mixture of 50% of aniline and unconsumed chlorobenzene (50% 
via GC-MS). 
To understand this reaction further, zinc metal was added to several reaction 
mixtures as described in Table 4.1. The addition of a reductant to standard catalytic 
conditions with 1 as the catalyst should have no effect on catalysis if a cobalt(I) species 
is necessary.  However, if under catalytic conditions the Co(I) species is oxidized to 
Co(II) and that is the productive catalyst, then catalysis should be inhibited.  Zinc metal 
has been shown to be highly effective for the reduction of Co(II) phosphine complexes 
to their Co(I) congeners, without over-reduction to Co(0).12,13 The addition of zinc (Table 
4.1, Entry 7) resulted in a slightly decreased yield of the desired aniline product, but no 
biaryl species were formed (the diminished yield is possibly due to the heterogeneity of 
the reaction mixture under these conditions; a similar decrease in yield is observed 
when the reaction is run without stirring).  
If Co(I) is the active species, the addition of zinc to the reaction mixture should 
produce arylamine exclusively, regardless of whether the starting complex is Co(I) or 
Co(II) due to in situ reduction of Co(II) species present in the reaction mixture. 
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Conversely, if arylamine is not observed under these conditions, it may speak to the 
involvement of a Co(II) intermediate in the catalytic cycle. Gratifyingly, when either 
(DPEPhos)CoCl2 or (DPEPhos)Co(N(SiMe3)2)2 are submitted to the standard catalytic 
conditions in the presence of Zn, desired aniline product is the sole isolated product in 
68% yield (Table 4.1, entries 8 & 9).  These results are consistent with reduction of the 
Co(II) species to Co(I).  To test this hypothesis further, replacing iodobenzene with 
chlorobenzene under standard catalytic conditions should result in no reaction, since 
chlorobenzene is not a productive substrate for the amination reaction.  As listed in 
Table 4.1, entries 10-12, no aniline or biaryl was isolated and the unreacted 
chlorobenzene could be reisolated from the reaction mixture regardless of which cobalt 
source was used. In all cases, reactions with either Co(I) or Co(II) starting catalysts 
could be made to converge to the same product distribution—the exclusive formation of 
arylamine—with the addition of Zn dust, strongly implying that the desired reactivity is 
mediated by Co(I) without the involvement of Co(II). 
4.4: Catalytic cycle 
The previously described stoichiometric and catalytic studies support 2 as the 
active catalyst.  Based on these results the following Co(I)/Co(III) catalytic cycle is 
proposed (Figure 4.2). Compound 1 initially reacts with an equivalent of LiN(SiMe3)2 to 
produce a new Co(I) species, (PPh3)2CoN(SiMe3)2 (2) which is proposed to be the 
active catalyst. Next, oxidative addition of the aryl halide results in the formation of a 
Co(III) species, (PPh3)2CoPhI(N(SiMe3)2. Given the need for multiple equivalents of 
nucleophile and the observed ability for 2 to selectively couple other lithium amides 
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when used as the catalyst (Section 3.2), we propose that this species undergoes a 
second substitution with nucleophile prior to reductive elimination of product, furnishing 
the desired aniline product.  
 
Figure 4.2: Proposed catalytic cycle 
4.5: Hammett study 
Given the difficulty in isolating a Co(III) intermediate, a Hammett study was 
performed to differentiate between closed shell or radical mechanisms by comparing the 
fits of σ and σ values,14-18 respectively, as previously demonstrated by Norrby and co-
workers as well as others.19-22 Since the correlation parameters and ρ values for 
oxidative addition and reductive elimination are known from stoichiometric studies with 
palladium complexes,23,24 the substituent effect on the relative rate of the reaction is a 
powerful tool for understanding this cobalt-mediated amination reaction.  
The six competition reactions between unsubstituted and various para-substituted 
iodobenzenes were monitored by GC using the appearance of products versus an 
internal standard of mesitylene. To simplify the reaction set-up and analysis, the 
reaction was run without DPEPhos and instead 5.2 equivalents of LiN(SiMe3)2 were 
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employed, which should ensure complete conversion without the risk of generating a 
mixture of metal complexes. We propose that the reaction order is the same for all 
substrates studied; under this assumption, the krel values could be obtained in a manner 
previously described (see Section 4.8, Equation 4.1 for more details).25 The kinetic 
studies all yielded straight lines (r2 > 0.96, Section 4.8, Figure 4.2). 
 
Figure 4.3: Hammett correlation diagrams. On the left, Hammett plot of log(krel) vs. σ (closed-shell); on the right, 
Hammett plot of log(krel) vs. σ• (Jiang, open-shell). Plots of other σ values can be found in Section 4.8, Figures 
4.7 and 4.8. The relative rate constants, krel, are calculated using a plot of ln([X0]/[X]) = krel×ln([H0]/[H]), where 
X0 and H0 refer to the initial concentrations of functionalized and unfunctionalized iodoarenes, respectively.  
The relative rates and different σ values used for the Hammett plot are listed in 
Section 4.8, Table 4.2 and 4.3, respectively. Figure 4.3 depicts the plot of log(krel) vs. σ 
values (depicted by ♦ marks) or σ values (depicted by n marks). Regardless of which 
open shell parameter, σ, is used, total scatter is obtained (σ values described by 
Jiang16 are depicted in Figure 4.3, others in Section 4.8, Figure 4.9).  The poor fit of the 
σ values is inconsistent with a single-electron or radical mechanism. The resulting 
concave plot for the best fit of standard closed-shell σ constants (r2 = 0.96 for σ < 0 and 
0.98 for σ > 0) is in good agreement with the catalytic coupling of LiN(SiMe3)2 and aryl 
halides proceeding via a closed-shell mechanism. 
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The existence of two lines in the Hammett correlation fitted with σ values suggests 
that a change in mechanism or a change in the transition state occurs when more 
electron-deficient substrates are used. The line consisting of the para-methoxy-, methyl-
, and phenyl-substituted substrates (σ < 0) yields a ρ value of -1.63, indicative of a 
build-up of positive charge in the transition state. This result is consistent with an 
oxidative addition-type mechanism, whereby a late, largely polarized transition state, is 
stabilized by inductive donation from the substrate. The line made up of the para-fluoro-, 
chloro-, and trifluoromethyl-substituted substrates (σ > 0) yields a ρ value of 0.33, 
indicating a build-up of negative charge in the transition state. Consequently, this can be 
characterized as a reductive elimination mechanism, wherein the small ρ value 
suggests an earlier, more non-polar transition state. These results are in agreement 
with similar studies carried out on stoichiometric oxidative addition and reductive 
elimination reactions with palladium. 23,24 Unlike palladium, however, the reductive 
elimination pathway observed with cobalt appears to be less sensitive to electronic 
effects, suggesting that the η2-arene complex often invoked for the reductive elimination 
of C–X bonds from arylpalladium amido complexes24 does not form with cobalt. It is 
worth noting that, despite the change in mechanism, the relative rates for electron-
deficient substrates are lower than those for the electron-rich substrates, and may 
suggest that the poorer yields observed for those substrates is a result of their difficulty 
in reductively eliminating the arylamine product. 
4.6: Experimental observation of a multi-step process 
Another important conclusion that can be drawn from the shape of the plot in 
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Figure 4.3 is that at least one intermediate connects starting material to product in a 
stepwise mechanism, rather than a concerted process such as σ–bond metathesis. A 
corollary of this observation is that such an intermediate might be intercepted by 
nucleophiles other than LiN(SiMe3)2. As described in section 3.2, carrying out the cross-
coupling reaction substituting 2 for 1 furnishes the cross-coupling products of a wider 
variety of lithium amide nucleophiles. Importantly, no cross-coupling of LiN(SiMe3)2 to 
form N,N-bis(trimethylsilyl)aniline was observed under these conditions. Given that 
(PPh3)2CoN(SiMe3)2 is the likely resting state of the catalyst, this suggested that the role 
of LiN(SiMe3)2 in the reaction may also be as a spectator ligand, increasing the electron 
richness of the cobalt catalyst.  Under such an assumption, the initial substitution of the 
cobalt(I) chloride proceeds to yield (PPh3)2CoN(SiMe3)2, which then undergoes 
oxidative addition to yield an intermediate poised to react with another equivalent of 
nucleophile. Reductive elimination from this intermediate may furnish multiple products 
resulting from reaction with the incoming nucleophile, as well as LiN(SiMe3)2. Based on 
the space-filling model for the proposed five-coordinate Co(III) species, it is expected 
that oxidative addition would favor the isomer with a meridionally-disposed halide. If a 
subsequent ligand exchange occurs to yield the corresponding bis(amide) complex, the 
concerted reductive elimination suggested by the Hammett study would be consistent 
with the exclusive coupling of the incumbent nucleophile; given the observation that the 
N(SiMe3)2 ligand is never incorporated into the organic products unless present as a 
stoichiometric additive, this lends additional credibility to the proposed multi-step 
mechanism. 
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4.7: Summary 
In this chapter, the nature of the bond-forming event in the C–N cross-coupling 
reaction was probed on the basis of the plausibility of a two-electron redox couple. In 
pursuit of this information, we determined that the active species is highly unlikely to 
proceed through a Co(II) intermediate, as determined by trapping experiments that 
would intercept either an organic radical or a Co(II) species formed in situ. Through this 
reaction, we were able to observe an interesting example of temperature-dependent 
reactivity wherein a radical mechanism is observed at lower temperatures and a two-
electron mechanism is invoked at temperatures in excess of 80 ˚C, yielding different 
products in either temperature regime. The two-electron nature of the bond-forming 
event leading to the desired amine product was probed using linear free energy studies, 
comparing the Hammett electron parameters for two-electron processes to those of 
single-electron transfer events. In these studies, it was shown that a single-electron 
transfer is inconsistent with the observed initial rates, instead favoring a multi-step two-
electron process invoking oxidative addition and reductive elimination as the key bond-
breaking and –forming events. 
4.8: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
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part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Cobaltous chloride hexahydrate (Puratrem, 99.99%) and 
DPEPhos (>99%) were purchased from Strem and used as received. Aryl halides were 
purchased from Sigma-Aldrich; liquids were degassed before use, and solids were used 
as received. (PPh3)3CoCl26 and tert-butyl(4-iodophenoxy)dimethylsilane26,27 were 
prepared according to literature procedures. All additives in Table 2.4 were obtained 
from commercial sources and used as received, except where noted; nucleophiles in 
entries 36-40 were obtained from commercial sources as the parent amine and lithiated 
with n-butyllithium in hexanes immediately before use. (DPEPhos)CoCl28 and 
[Co(N(SiMe3)2)2]29 were prepared by literature procedures. Celite® 545 (J. T. Baker) 
was dried in a Schlenk flask for 24 hr under dynamic vacuum while heating to at least 
150˚C prior to use in a drybox. NMR Spectra were recorded at room temperature on a 
Varian spectrometer operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) and 
referenced to the residual CHCl3 or C6H6 resonance (δ in parts per million, and J in Hz); 
31P Spectra were collected at 200 MHz and referenced to an external standard of 
H3PO4. Elemental analysis was performed on solid products by the University of Illinois 
Microanalysis Laboratory. Mass spectrometry (MS) was performed on liquids by the 
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University of Illinois Mass Spectrometry Laboratory. Electron Impact (EI) spectra were 
performed at 70 eV using methane as the carrier gas on a Finnegan-MAT C5 
spectrometer. Data are reported in the form of m/z (intensity relative to the base peak = 
100). 
Observation of chlorobenzene, biaryl side products, and 
bis(triphenylphosphine)cobalt diiodide.  
 
In the glovebox, chlorotris(triphenylphosphine)cobalt (1 mmol, 881 mg) is added to 
a 15 mL Schlenk tube. To this is added toluene (10 mL), followed by iodobenzene (1 
mmol, 204 mg). The mixture is removed from the glovebox and heated in a stirred oil 
bath at 100˚C for two hours, after which an aliquot is removed under inert atmosphere 
for GC-MS analysis. The reaction is heated further for 16 hours before being returned to 
the glovebox, where another aliquot is taken for GC-MS. The solution is then 
concentrated to incipient crystallization, filtered, and cooled to −35˚C overnight, yielding 
crystals suitable for X-ray diffraction. The mother liquor is concentrated further and 
again cooled to −35˚C, yielding 397 mg total crystalline product (95%). 1H NMR  (500 
MHz, Benzene-d6) δ 15.21 (br, 12H), -4.01 (br, 12H), -5.49 (br, 6H); No peaks were 
observed in the 31P spectrum that could be attributed to the metal complex. Anal. Calcd 
for C36H30CoP2I2: C, 51.64; H, 3.61. Found: C, 50.33; H, 3.48. 
100˚C, 16 h
Sealed tube CH3
Co
Ph3P
Ph3P
I
I
I toluene, 100˚C 2 h
Sealed tubeCo
Cl
Ph3P PPh3PPh3
Cl
Characterized by XRDvia  GC-MS via  GC-MS
95%
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Figure 4.4.  GC-MS trace illustrating the formation of cholorobenzene.  
 
Linear Free-Energy Study 
 
In a glovebox, a 50 mL Schlenk flask is charged with a solution of iodobenzene 
(102 mg, 0.5 mmol), substituted aryl iodide (0.5 mmol), and mesitylene (120 mg, 1 
mmol) in toluene (10 mL). To this is added solid lithium hexamethyldisilazide (878 mg, 
5.2 mmol), and the solution is stirred at room temperature until all components have 
gone into solution. A 15 μL sample is removed and set aside for later analysis by GC as 
the ‘t0’ sample. Meanwhile, chlorotris(triphenylphosphine)cobalt (66 mg, 0.075 mmol) is 
weighed into a tared vial and taken up in toluene (2 mL). This solution is transferred to 
the Schlenk flask, which is sealed, removed from the glovebox, and heated to 100˚C in 
a well-stirred oil bath. Once each minute, 15 μL of solution is removed by pipette 
against a flow of argon in three evenly-spaced 5 μL aliquots over 15 seconds. These 
aliquots are used to prepare GC samples that are analyzed using a temperature 
I
H
I
X
(PPh3)3CoCl (7.5%)
LiN(SiMe3)2 (5.2 eq)
mesitylene (1 eq)
toluene, 100˚C0.5 eq 0.5 eq
N(SiMe3)2
H
N(SiMe3)2
X
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program which ramps from 50˚C to 250˚C over 17 minutes with a three-minute hold at 
250˚C. The results are summarized in the following tables and charts. 
 
Equation 4.1 
 
S1 S2 S3 Averages 
X Krel logKrel Krel logKrel Krel logKrel Krel Stddev logKrel Stddev 
OMe 1.49 0.17 1.39 0.14 1.39 0.14 1.42 0.06 0.15 0.02 
Me 1.19 0.08 1.22 0.09 1.23 0.09 1.21 0.02 0.08 0.01 
Ph 0.55 -0.26 0.50 -0.30 0.51 -0.30 0.52 0.03 -0.28 0.02 
F 0.49 -0.31 0.44 -0.35 0.49 -0.31 0.47 0.03 -0.33 0.02 
Cl 0.56 -0.25 0.56 -0.26 0.61 -0.21 0.58 0.03 -0.24 0.02 
CF3 0.71 -0.15 0.72 -0.14 0.71 -0.15 0.71 0.004 -0.15 0.003 
 
Table 4.2. Summarized krel data 
 
 Closed Shell Open Shell 
X σ σ + σ - σ I σ• (Creary) σ• (Arnold) σ• (Jiang) 
OMe -0.26 -0.78 -0.26 0.27 0.24 0.18 0.23 
Me -0.17 -0.31 -0.17 -0.05 0.11 0.15 0.15 
Ph -0.01 -0.18 0.02 0.1 0.46 NA 0.47 
F 0.06 -0.07 -0.03 0.5 -0.08 -0.11 -0.02 
Cl 0.23 0.11 0.19 0.46 0.12 0.11 0.22 
CF3 0.54 0.61 0.65 0.42 0.08 -0.09 -0.01 
 
Table 4.3. Hammett σ parameters 
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Figure 4.5. Relative rates for 1-fluoro-4-iodobenzene (left) and 1-iodo-4-(trifluoromethyl)benzene (right). 
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Figure 4.6. Relative rates for 1-chloro-4-iodobenzene (left) and 4-iodo-1,1’-biphenyl (right). 
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Figure 4.7. Relative rates for 1-iodo-4-methoxybenzene (left) and iodotoluene(right). 
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Figure 4.8. Closed-shell Hammett Plots 
 
Figure 4.9. Open-shell Hammett Plots (Cr = Creary, A = Arnold, J = Jiang, See Table 4.3 for values) 
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Chapter 5: Structural effects of N(SiMe3)2 and its role in low-valent 
cobalt catalysis  
During the study of (PPh3)2CoN(SiMe3)2, we became very interested in the origin of 
reactivity for this class of compounds. Not only do these compounds carry out incredibly 
demanding cross-coupling reactions (Section 3.2), but the mechanism appears to be a 
rare example of two-electron redox on a cobalt center (Section 4.5). Given the simplicity 
of the catalyst, as much of the reactivity occurs with just triphenylphosphine ligands 
despite comparable palladium-catalyzed reactions requiring complex biaryl phosphine 
ligands,1 we turned our attention to the hexamethyldisilazide moiety. We sought to 
answer two fundamental questions about these phosphine-ligated CoN(SiMe3)2 
complexes: 1) What structural and electronic features is the N(SiMe3)2 ligand imparting 
on the catalyst, and 2) Are these generalizable properties that we can apply to other 
ligands to access selective and predictable two-electron redox chemistry? 
5.1: Structural perturbations in the solid state 
The most prominent structural feature in these complexes is an out-of-plane 
“bending” of the N(SiMe3)2 ligand. In each of these three-coordinate complexes, there is 
a deviation from perfect planarity, ranging from 3.23(17)˚ in 2 to 6.72(7)˚ in 8 to 
8.39(16)˚ in complex 9. Additionally, the solution state magnetic moment of 2 (3.31(2) 
μB) indicates the presence of spin-orbit coupling, suggesting a relatively small energy 
difference between the high-lying dz2 and dx2-y2 orbitals and the dxy orbital. The observed 
deviations from planarity likely arise from Jahn-Teller distortion; the series of complexes 
described here show a general trend of decreasing magnetic moment with increasing 
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(P^P)Co−N dihedral angle, with 2 exhibiting significant spin-orbit coupling (3.31(2) μB), 
while 8 (2.99(3) μB) and 9 (2.92(1) μB) approach the spin-only magnetic moment of an 
S=1 complex (2.8 μB). 
Interestingly, the trends of distortion from planarity and magnetic moment also 
follow the trend of catalyst activity. While 2 forms bis(trimethylsilyl)aniline from 
iodobenzene in 77% yield, complexes 8 and 9 both furnish the aminated product in 
nearly quantitative yields. These results imply that perhaps the active complex adopts a 
more pyramidal structure during the reaction. As a result, a greater degree of molecular 
motion can be expected in solution, especially at the elevated temperatures at which 
productive reactivity takes place. This is perhaps best exemplified by measuring the 
magnetic moment at elevated temperatures, wherein the observed magnetic moment 
for 2 decreases to 2.94(2) μB at 80 ˚C and continues to decrease below the spin-only 
moment to 1.32(6) μB at 100 ˚C, implying that a population of Co(I) nuclei in solution at 
elevated temperatures achieve a diamagnetic electron configuration. Moreover, this 
change in magnetic moment is fully reversible on cooling, suggesting that the 
populations of S=0 nuclei exist in a spin equilibrium with S=1 nuclei. Such a spin 
isomerism effect upon distortion from planarity is consistent with the work of Holland 
and co-workers, who recently described a three-coordinate β–diketiminate Co(I) 
carbonyl complex that achieves an S=0 state upon a geometric reorganization of the 
diketiminate ligand to provide access to a pseudo-square planar geometry.2 In their 
work, they demonstrate that the near-degeneracy of their high-lying orbitals lowers the 
barrier to spin isomerism, an effect that is possibly also occurring in the 
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(P^P)CoN(SiMe3)2 complexes. 
 
Figure 5.1: Graphical representation of the effect of Jahn-Teller distortion on the expected magnetism in 2 
5.2: Variable temperature nOe study 
To further support this hypothesis, a 1H nuclear Overhauser effect (nOe) NMR 
experiment at variable temperatures was conducted to determine if the proposed Jahn-
Teller distortion is more pronounced at temperatures closer to those at which catalysis 
occurs. In doing so, we would expect to see an enhancement effect when ligand 
movement around the metal center is greatest. While nOe spectra are not commonly 
collected with paramagnetic compounds, work on metalloproteins and metalloprotein 
model complexes offers insight into how to carry out such an experiment. Work by 
Walker and Simonis in analyzing model iron hemes provides an important starting point 
in this regard.3 Their work shows that 1) paramagnetic complexes often have signal 
strengths and resolutions that are highly T2 dependent, 2) often have negative 
enhancements where a diamagnetic molecule might have positive ones, and 3) tend to 
compete in their measurements with chemically-induced dynamic nuclear polarization 
(CIDNP)4 effects. As a result, measured nOe enhancements of paramagnetic 
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complexes are often difficult or unreliable to quantify, but can be used readily in a 
qualitative sense. 
 
(PPh3)2CoN(SiMe3)2 (2) 
 
(dppf)CoN(SiMe3)2 (8) 
 
(DPEPhos)CoN(SiMe3)2 (9) 
µeff = 3.31(2) µB 
Co-CNTMS: 3.12 Å 
Bend:  3o 
nOe: 
       RT 0% 
  80 oC 17% 
100 oC 35% 
µeff = 2.99(3) µB 
Co-CNTMS: 3.06 Å 
Bend:  6o 
nOe: 
      RT 0% 
  80 oC 66% 
100 oC 78% 
µeff = 2.92(1) µB 
Co-CNTMS: 2.99 
Å 
Bend:  9o 
nOe: 
      RT 0% 
  80 oC 72% 
100 oC 80% 
Figure 5.2: Summary of geometric distortions, magnetic data, and nOe data for complexes 2, 8, and 9 
While 2 does not display an enhancement effect at room temperature, at 80 ˚C a 
weak nOe enhancement is observed between the Si−CH3 and PPh3 resonances, 
reaching its maximum of 37% at 100 ˚C. This implies that the ligands are fluxional at 
elevated temperatures; these data align well with the temperature dependence of the 
reaction, wherein the aminated product is not formed below 80 ˚C with 2 as the catalyst, 
with the greatest yields and cleanest reactions occurring at 100 ˚C. In addition to 
relieving ground state degeneracy, such “bending” of the N(SiMe3)2 ligand possibly 
enhances an Si−C backbonding effect, allowing the trimethylsilyl functionality to act as a 
fourth strong field ligand; indeed, the differences in the Co-C distances on each 
trimethylsilyl group (3.115(4) Å) are well within the ranges of what would be expected 
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for such an interaction (3.44 Å) based on Anderson’s previous work.5 Such a back-
donation effect is in further accordance with Holland’s observation that spin 
isomerization in β–diketiminate Co(I) carbonyl complexes is accompanied by π-type 
binding to an aryl ring of the ligand.2 We favor a “bending” of the N(SiMe3)2 ligand due 
to the observed deviations from planarity in the crystal structures of 2, 8, and 9, though 
other ligand reorganizations, such as rotation about the Co−N bond, could lead to 
similar effects.  
These observations based on the nOe study offer an interesting comparison when 
carried out on the complexes bearing bidentate phosphines as well. As summarized in 
Figure 5.2, the metrics that we have assessed so far correlate well with overall catalyst 
activity. Our better catalysts are both more distorted from planarity than 2, in addition to 
having magnetic moments closer to the spin-only moment at room temperature. While 
the observed nOe enhancements are strongly contaminated with CIDNP, the 
temperature dependence of the observed geometric fluxionality is in qualitative 
agreement with both the temperatures required for catalysis and the observations made 
with 2. Thus, we propose that the phosphine ligand’s role in promoting more productive 
catalysis lies in allowing more long-lived pyramidalized states. It is worth noting that the 
dppf and DPEPhos ligands in 8 and 9 both adopt conformations in which the majority of 
the steric bulk of the ligand is oriented toward one face of the P2CoN plane, providing a 
comparatively unencumbered face on its opposite. It is toward these unencumbered 
faces that the N(SiMe3)2 ligand is bent toward in the solid state, in accordance with the 
predominant ligand effect being to allow access to the active pyramidalized complex 
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(Figure 5.1). 
5.3: Structure-activity relationship for (P^P)CoN(SiMe3)2 complexes  
In order to probe the influence of the ligand environment on catalytic activity and 
judge the viability of the proposed ligand effects, a kinetic study was carried out to 
compare initial rates of the reaction. Each cobalt(I) amide complex was submitted to the 
standard reaction conditions, wherein the formation of product was monitored by gas 
chromatography. The results of this study are summarized in Table 5.1. Interestingly, 
despite being more productive catalysts, 8 and 9 are substantially slower, forming 
product at nearly one third of the rate of reaction than that of 2. However, while the rate 
of reaction for 2 decreases dramatically after the first 40 minutes, the rates for the 
complexes bearing dppf and DPEPhos remain constant, resulting in improved yields 
overall (Figure 5.3). This suggests that a primary effect in improving catalysis hinges on 
extending catalyst lifetime.  
Product formation vs. Reaction Time 
 
(PPh3)2CoN(SiMe3)2 (2) 
 
(dppf)CoN(SiMe3)2 (8) 
 
Figure 5.3: Reaction progress of aryl amination of iodobenzene using catalysts 2 and 8 
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Initial Rates of Reaction of Amination by 
(P^P)CoN(SiMe3)2 complexes 
Complex Rate (Ms-1) 
(PPh3)2 (2) 1.00(2)E-05 
dppf (8) 3.8(5)E-06 
DPEPhos (9) 2.53(8)E-06 
Table 5.1: Initial rate kinetics 
 
The effect of catalyst lifetime was demonstrated concisely in an experiment in 
which repeated addition of iodobenzene and lithium hexamethyldisilazide to the reaction 
mixture was carried out over the course of 24 hours. Based on the observed rate of 
reaction for 8, we expected the reaction to reach completion in a little over six hours; 
indeed, GC analysis of the reaction mixture at this time revealed that the iodobenzene 
had been fully consumed with quantitative formation of aminated product. The addition 
of an another equivalent of iodobenzene and lithium hexamethyldisilazide at this point 
showed that conversion continues unabated for an additional six hours, at which point 
GC analysis revealed that, once again, the iodobenzene had been fully consumed with 
formation of another equivalent of aminated product. This cycle was repeated two 
additional times, adding a total of four equivalents of iodobenzene over 24 hours in six-
hour increments, yielding 3.92 equivalents of arylamine product. This corresponds to an 
overall yield of 98% with a turnover number of 53. However, if the reaction is allowed to 
proceed for 12 hours before additional substrate is added, the second addition furnishes 
only 57% of the desired product, indicating that catalyst death occurs in the absence of 
iodobenzene. 
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Product Yield over Multiple Additions of Substrate 
 
Figure 5.4: Product yield over multiple substrate additions for 2 and 8 resulting in extended reactivity 
Based on the previously proposed mechanism, in addition to the role of ligand 
bending discussed above, it suggests that phosphine dissociation during the catalytic 
cycle is detrimental to the reaction, whereby a chelating phosphine may discourage 
such a decomposition route. While N(SiMe3)2 bending applies steric strain on the 
phosphine ligands, these bidentate phosphines display unusual conformations around 
the metal center, suggesting that these ligands also provide a steric environment that is 
less congested on a given face of the metal, reducing the energetic barrier to achieving 
the active pyramidalized conformation for catalysis. However, access to the low-
coordinate Co(I) center via the sterically demanding N(SiMe3)2 ligand remains critical to 
the observed two-electron chemistry by permitting access to a potentially low-spin 
intermediate at elevated temperatures. The interplay between the bidentate phosphine 
ligands and the complex’s ability to distort from planarity appears to be a dominating 
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factor in the success of aryl amination reactions mediated by Co(I) disilazide 
complexes. 
 
5.4: Summary 
In this chapter, it was demonstrated that the temperature dependence of the 
selectivity for two-electron chemistry is coincident with a spectroscopically-observed 
geometry change. Magnetic susceptibility measurements at variable temperatures 
suggest that a thermally-limited Jahn-Teller distortion is key to accessing the active 
pyramidalized intermediate. This distortion was further characterized using variable 
temperature nOe studies, which showed that the out-of-plane bending of N(SiMe3)2 
occurs as low as 80 ˚C, maximizing at 100 ˚C—the temperature which is also most ideal 
for catalysis. 
Through these observations we posit that the role of the N(SiMe3)2 ligand is to 
simultaneously act as a strong field ligand and enable access to the low-coordinate 
geometry observed. While Si–C back donation to the metal could be involved, this is not 
entirely clear. However, studying how bidentate phosphine ligands enhance the 
observed reactivity reinforces the role of the distorted complex. Based on kinetics and 
structural data, it would appear that stabilization of the pyramidalized intermediate leads 
to more effective catalysis. Thus, we can assign the resting state of the catalytic cycle 
as the trigonal planar Co(I) complex, but reassign the active catalyst as the trigonal 
pyramidal species described herein. Designing ligands to target this geometry with 
stronger donor nuclei may provide access to more effective and diverse chemistry. 
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5.5: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Cobaltous chloride hexahydrate (Puratrem, 99.99%) and 
DPEPhos (>99%) were purchased from Strem and used as received. Dppf was 
purchased from AOKChem (>99%) and used as received. Dppe was purchased from 
Sigma-Aldrich (>95%) and used as received. Ligands deapf6 and depf7 were prepared 
according to literature procedures. Iodobenzene purchased from Sigma-Aldrich and 
degassed prior to storage in a drybox. (PPh3)3CoCl8 and (PPh3)3CoBr9 were prepared 
according to literature procedures. Celite® 545 (J. T. Baker) was dried in a Schlenk 
flask for 24 hr under dynamic vacuum while heating to at least 150˚C prior to use in a 
drybox. NMR Spectra were recorded at room temperature on a Varian spectrometer 
operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) and referenced to the residual 
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CHCl3 (7.26 ppm) or C6D5H (7.16 ppm) resonance (δ in parts per million, and J in Hz); 
31P Spectra were collected at 200 MHz and referenced to an external standard of 
H3PO4. Elemental analysis was performed by the University of Illinois Microanalysis 
Laboratory. Mass spectrometry (MS) was performed by the University of Illinois Mass 
Spectrometry Laboratory. Electron Impact (EI) spectra were performed at 70 eV using 
methane as the carrier gas on a Finnegan-MAT C5 spectrometer. Data are reported in 
the form of m/z (intensity relative to the base peak = 100). 
Variable temperature nOe studies 
 
Figure 5.5. VT nOe spectra of (dppf)CoN(SiMe3)2 (8). Red arrow indicates irradiated frequency, green arrow 
indicates measured SiMe3 signal. Integrals and percents are given as absolute values of the measured 
quantities. 
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Figure 5.6. VT nOe spectra of (DPEPhos)CoN(SiMe3)2 (9). Red arrow indicates irradiated frequency, green 
arrow indicates measured SiMe3 signal. Integrals and percents are given as absolute values of the measured 
quantities. 
Initial rate study 
In a glovebox, a 50 mL Schlenk flask is charged with a solution of iodobenzene 
(204 mg, 1 mmol), mesitylene (120 mg, 1 mmol), and lithium hexamethyldisilazide (437 
mg, 2.6 mmol) in toluene (10 mL), prepared ahead of the measurement as a stock 
solution. A 15 μL sample is removed and set aside for later analysis by GC as the ‘t0’ 
sample. Meanwhile, the cobalt amide catalyst (0.075 mmol) is weighed into a 20 mL 
scintillation vial and taken up in toluene (2 mL), stirring until completely dissolved. This 
solution is transferred to the Schlenk flask, which is sealed, removed from the glovebox, 
and heated to 100˚C in a well-stirred oil bath. Once each minute, 15 μL of solution is 
removed by pipette against a flow of argon in three evenly-spaced 5 μL aliquots over 15 
seconds. These aliquots are used to prepare GC samples that are analyzed using a 
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temperature program which ramps from 50˚C to 250˚C over 17 minutes with a three-
minute hold at 250˚C. The results are summarized in the following tables and charts.  
Entry Catalyst Measured Rate 
(Ms-1) 
 
1 (PPh3)2CoN(SiMe3)2 (1) 1.11(2) * 10-5 
2 (dppf)CoN(SiMe3)2 (8) 3.55(5) * 10-6 
3 (DPEPhos)CoN(SiMe3)2 (9) 2.15(3) * 10-6 
  
 
Table 5.2. Summary of initial rate data 
Catalytic experiments using repeated addition of substrate 
Iodobenzene (0.020 g, 0.1 mmol) is added to a 3 mL Schlenk tube, followed by 
lithium hexamethyldisilazide (0.044 g, 0.26 mmol). The mixture is taken up in 1 mL 
toluene followed by the addition of the (dppf)CoN(SiMe3)2 (0.006 g, 0.008 mmol). An 
additional 0.5 mL toluene is used to rinse the vial and walls of the tube; the vessel is 
then sealed and removed from the glovebox. The reaction is then heated for 6 hours at 
100˚C in a stirred oil bath. Following this time, the reaction is removed from the oil bath 
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and quickly cooled in an ice water bath to prevent side reactions during cooling. The 
exterior of the flask is then dried before pumping the reaction into the glovebox. At this 
point, a 15 μL aliquot is removed for GC analysis. Finally, another 0.020 g of 
iodobenzene and 0.044 g of lithium hexamethyldisilazide is added to the reaction before 
it is removed from the box and returned to the oil bath, where it is let stir for another six 
hours before repeating the process of cooling, sampling and adding more substrate; this 
process is repeated a total of three times at the 6, 12, and 18 hour timepoints before 
finally ending the reaction at 24 hours. The results are summarized in Figure 5.7. 
 
 
Figure 5.7. GC yield of aminated product as a function of time over multiple additions of substrates. 
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Chapter 6: Catalytic arylation of sterically-encumbered alkyl 
halides using a simple cobalt catalyst  
 
Given our success with C–N coupling, we sought to extend the reactivity observed 
with (P^P)CoN(SiMe3)2 to other bond-forming reactions. Given that we already 
demonstrated that 2 is a competent catalyst for the coupling of iodobenzene to 
mesitylmagnesium bromide (Section 3.2, Table 3.1, entry 4), we set our sights on the 
catalytic formation of C–C bonds. 
6.1: Introduction to Kumada coupling reactions 
The catalytic formation of C–C bonds via transition metal catalyzed cross-coupling 
reactions is one of the best known areas of organometallic catalysis. In 2010, the Nobel 
Prize in Chemistry was awarded to Akira Suzuki,1 Ei-ichi Negishi, 2 and Richard F. 
Heck3 for the discovery and development of palladium-catalyzed methods using 
boronate esters, organozinc reagents, and olefins, respectively, as nucleophiles for the 
construction of Csp2–Csp2 bonds.4 The development of these reactions not only provided 
some of the most common methods for preparing functionalized biaryl and styrenyl 
compounds,5-15 but fundamental mechanistic evidence regarding the nature of oxidative 
addition, reductive elimination, and transmetalation.16-18 Despite the importance of these 
reactions in synthesis, however, they are not especially well-suited for the formation of 
Csp2–Csp3 bonds. 
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Figure 6.1: Examples of common C–C cross coupling reactions 
The formation of alkylarenes through cross coupling is most often carried out via a 
Kumada coupling. The Kumada coupling, discovered independently in the 1970’s by 
Kumada and Corriu,19-22 is the catalytic coupling of aryl or alkenyl halides with 
organomagnesium compounds, typically by nickel phosphine complexes,23,24 though 
palladium-catalyzed methods are also popular due to the improved tolerance of highly 
basic carbanion nucleophiles and broader substrate scope.25-29 These reactions are 
particularly convenient due to the ease with which organomagnesium compounds can 
be synthesized; as a result, numerous examples of Kumada couplings can be found in 
the synthesis of natural products, where the elaboration of the carbon skeleton can be 
carried out in the presence of a wide variety of functional groups.30-32 Additionally, 
recent work has demonstrated the viability of asymmetric Kumada coupling 
reactions,33,34 though these are not as effective as asymmetric Negishi reactions. 35,36 
One area where all nickel- and palladium-catalyzed C–C coupling reactions face 
Suzuki
B(OR)2 X Pd(PPh3)4 (1-10 mol%)
C6H6/H2O, KOH, 80˚C
Negishi
ZnBr X Pd2(dba)3 (5-10 mol%)
PPh3, THF, 22˚C
Heck
H X Pd2(dba)3 (5-20 mol%)
P(o-Tol)3 (20 mol%), NEt3
DMF, 90˚C
Kumada
MgBr X NiCl2(dppf) orPdCl2(dppf) (5-20 mol%)
THF, 22˚C
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strict limitations is in the synthesis of highly encumbered C–C bonds. While secondary 
alkyl halides are generally well-tolerated by nickel and palladium catalysts, tertiary alkyl 
halides, such as tert-butylbromide, are rarely used successfully as electrophiles; the 
examples that do exist require that the aryl coupling partner be free of sterically-
demanding functionality. 7,37-39 Even more challenging, however, are the cross 
coupling’s of neopentyl (Np) halides. These substrates react less readily due to the β-
methyl groups “shielding” the ɑ-position from approach by the metal catalyst. As a 
result, methods to install neopentyl halides are rare and often require either excess 
amounts of the neopentyl halide or stoichiometric metal.37,40,41 One example of iron-
mediated neopentylation has been reported by Fürstner and coworkers, albeit with a 
narrow substrate scope limited to electron rich aryl nucleophiles.42 Unfortunately, the 
dimesityliron(II) catalyst employed in this study is notoriously difficult to synthesize and 
handle. 
6.2: Synthetic methods for the installation of neopentyl groups and applications 
thereof 
Based on our success in accessing sterically-encumbered aniline derivatives via 
cobalt catalysis, we wondered if we could access the same benefits in alkylation 
chemistry. A catalyst capable of tolerating β-encumbered alkyl substitution with 
sterically-demanding aryl nucleophiles would have important implications in the areas of 
materials and medicinal chemistry. Because neopentyl groups tend to experience 
hindered rotation about the ipso carbon bond when flanking alkyl groups are present, 
molecules containing this functionality tend to be conformationally rigid.43-45 This 
“conformation locking” effect has applications in controlling the rigidity and stability of 
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polymeric materials46,47 and affecting the binding affinity and metabolic properties of 
pharmaceutical agents.48-51 A general method for the synthesis of neopentyl-derived 
monomers and drugs using a non-toxic, earth abundant metal catalyst would allow 
access to new function in materials and activity in biological agents in an industrially 
relevant manner. 
 6.3: Development of a cobalt-catalyzed Kumada coupling for encumbered C–C 
bonds 
We began our study of cobalt-catalyzed C–C coupling chemistry using our best 
catalyst for bulky aryl amination reactions, (dppf)CoN(SiMe3)2 (8). In analogy to our 
reaction demonstrating the coupling of mesitylmagnesium bromide to iodobenzene, we 
chose to begin by screening the coupling of iodobenzene to tert-butylmagnesium 
chloride (tBuMgCl) and neopentylmagnesium bromide (NpMgBr), both of which are 
commercially available as solutions in tetrahydrofuran, but were concentrated and 
recrystallized from diethyl ether prior to use as neat solids. As shown in Table 6.1, we 
were delighted to observe the formation of tert-butylbenzene in 35% yield under the 
standard conditions adapted from the amination reaction (Table 6.1, entry 1). 
Unfortunately, adjustment of the temperature, solvent, ligand, and duration all failed to 
improve the reaction yield (Table 6.1, entries 3-9). Using the THF solution of tBuMgCl 
directly failed to convert, and using tert-butyllithium as a solution in hexanes furnished 
only trace amounts of the desired alkylated product (Table 6.1, entry 10). Worse still, no 
reaction gave productive reactions with NpMgBr (Table 6.1, entry 2), and reversing the 
roles of electrophile and nucleophile—using phenylmagnesium bromide and tert-butyl 
bromide or neopentyl bromide—did not react to form any alkylated products (Table 6.1, 
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entries 11 and 12). 
 
Table 6.1: Screening of conditions for C–C coupling of tBuMgCl and NpMgBr using (P^P)CoN(SiMe3)2 
These results led us to question whether (P^P)CoN(SiMe3)2 was the appropriate 
catalyst for this reaction. While we still felt that the target of a low-valent, low-coordinate 
cobalt complex was likely the correct choice, we sought to retain the operational 
simplicity that characterized the amination reactions. One particularly attractive catalyst 
is that pioneered independently by Oshima and Cahiez, in which Co(acac)3 (acac = 
acetylacetonate) is reacted with excess alkyl or aryl Grignard reagents in the presence 
of a bidentate phosphine or amine ligand, such as dppe or TMEDA, to yield an 
uncharacterized cobalt(I) species in situ (Figure 6.2).52-54 The proposed structure is that 
of a three- or four-coordinate Co(I) alkyl or aryl species, which could potentially behave 
IMgCl
MgBr
OR
(P^P)CoN(SiMe3)2 (7.5 mol%)
Alkyl
ElectrophileNucleophile Catalyst Temperature Solvent Duration Yield
8 100˚C Toluene 12 h 35%tBuMgCl PhI
8 100˚C Toluene 12 h 0%NpMgBr PhI
Entry
1
2
8 80˚C Toluene 12 h 0%tBuMgBr PhI3
8 150˚C Toluene 12 h 32%tBuMgBr PhI4
8 100˚C Hexanes 12 h 17%tBuMgBr PhI5
8 100˚C 12 h 0%tBuMgBr PhI6 THF
8 100˚C 12 h 0%tBuMgBr PhI7 DMF
9 100˚C 12 h 33%tBuMgBr PhI8 Toluene
2 100˚C 12 h tracetBuMgBr PhI9 Toluene
8 100˚C 12 h tracetBuLi PhI10 Toluene
8 100˚C 12 h 0%PhMgBr tBuBr11 Toluene
8 100˚C 12 h 0%PhMgBr NpBr12 Toluene
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in a manner similar to (P^P)CoN(SiMe3)2 in catalysis. 
 
Figure 6.2: Cahiez and Oshima’s in situ approach to generating an active cobalt catalyst 
We began our study with a brief survey of ligands in pursuit of an active 
neopentylation catalyst. Following dissolution of Co(acac)3 in THF, neopentyl bromide 
and ligand are added, followed by mesitylmagnesium bromide—immediately upon 
addition of the organometallic reagent, a rapid color change occurs that we assign as 
the putative formation of our active catalyst. While N,N,N’,N’-
tetramethylethylenediamine (TMEDA) is the ligand often favored in iron- and cobalt-
catalyzed coupling reactions, in the reaction of neopentyl bromide with 
mesitylmagnesium bromide, no product is observed. However, the bidentate phosphine 
ligand dppf furnishes the neopentylated product in 33% yield (Figure 6.3). Additionally, 
neopentyl chloride is a suitable electrophile, generating the desired product in 25% 
yield. 
In an effort to improve the catalytic efficiency, several hybrid aminophosphine 
ligands were prepared. From our observations comparing dppf to TMEDA in the 
coupling of neopentyl halides and isopropyl halides, it appeared that the amine-ligated 
catalysts were able to achieve much higher yields of isopropylmesitylene, but failed to 
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convert neopentyl halides or isopropyl chloride. Conversely, while dppf was successful 
in furnishing alkylated products with neopentyl halides and isopropyl chloride, its overall 
yields were quite poor. To bridge the gap in reactivity, we prepared (2-
dimethylaminoethyl)diphenylphosphine (DMAEPhos), which had reactivity comparable 
to that of TMEDA, and (2-dimethylaminophenyl)diphenylphosphine (PNPhos), which 
proved remarkably effective in the neopentylation reaction, achieving 71% isolated yield 
of neopentylmesitylene from neopentyl chloride (Figure 6.3). 
 
Figure 6.3: Ligand screen in the neopentylation (top) and isopropylation (bottom) of mesitylmagnesium bromide 
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Table 6.2: Scope of the aryl alkylation with respect to sterically encumbered coupling partners. aReaction was 
run overnight with two equivalents of 2,4,6-triisopropylphenylmagnesium bromide. 
Exploring the remarkable activity of the in situ generated PNPhos cobalt catalyst, 
we were able to synthesize a wide array of incredibly encumbered C–C bonds. The 
reactions of mesitylmagnesium bromide are fast, occurring at room temperature in as 
little as 40 minutes, furnishing not only the neopentylated product, but also the 
neophylated products shown in Table 6.2. The reactions are largely air- and moisture-
stable—while many of the reactions were carried out in the glovebox for convenience, 
the isolated yields were unchanged when the reactions were set up in vials under a 
nitrogen flow on the bench. Moreover, the reaction can tolerate 2,4,6-
triisopropylphenylmagnesium bromide (TRIPMgBr), albeit with longer reaction times and 
an excess of organomagnesium reagent. The reaction of TRIPMgBr with neophyl 
chloride is of particular note; the isolated yield of the reaction is synthetically useful at 
CO2Me
88%
R
MgBr
Alkyl-X
Co(acac)3 (5% mol)
PNPhos (5% mol)
THF, RT, 1 h R
Alkyl
X = Cl, 72%
X = Br, 84%
X = Cl, 70% X = Cl, 66%a
X = Br, 92% X = Br, 90% X = Br, 74%a
PPh2
NMe2PNPhos
Ph Ph
X = Br, 98% X = Br, 96%a
X = Cl, 68%a
X = Br, 72%a
X = Br, 84%a
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66%, but—astonishingly—the product decomposes spontaneously under reduced 
pressure with loss of isopropylbenzene, suggesting scission along the ɑ-β bond. This is 
a qualitative indicator of the power of this reaction to construct encumbered C–C bonds, 
but is surprising nonetheless; access to pseudo-stable hydrocarbons may have 
applications in polymer chemistry as monomers for materials that depolymerize under 
reduced pressure.55 
6.4: Functionality tolerance screen 
In an effort to explore the functional group tolerance in an expeditious manner, a 
tolerance screen was carried out in the manner described by Glorius and coworkers.56-
58 In a traditional tolerance screen, individual substrates are synthesized bearing a wide 
variety of functional groups and subjected individually to the reaction conditions. This 
method, while straightforward, is labor-intensive, requiring large numbers of individual 
compounds to be synthesized before meaningful conclusions can be drawn regarding 
the reaction’s scope or tolerance. Moreover, the incorporation of functionality into a 
substrate can change that molecule’s solubility, electronic profile, and stericity in ways 
that can sometimes make it difficult to ascertain precisely how the functional group 
interacts with a catalyst in a general context. To address these issues, Glorius 
developed a method by which a reaction can be screened by using functional group-
bearing additives rather than substrates with intrinsic functionality. By choosing a high-
yielding benchmark reaction and doping in a separate compound bearing a functional 
group of choice, the relative concentrations of the two compounds and any new 
products as a function of time can be used to assess the stability of certain functionality 
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under the reaction conditions. 
 
Table 6.3: Tolerance screen data. Each reaction is carried out in the presence of 1 eq of additive, with the 
results quantified by gas chromatography. Each value is the average of three runs. Green indicates well tolerated 
additives, yellow indicates moderate inhibition, and red indicates poor tolerance. See Experimental for other time 
points measured. 
The results of this study on the aryl alkylation reaction are presented in Table 6.3. 
While the reaction is subject to common limitations in reactions involving 
organomagnesium reagents—protic and enolizable functionality strongly inhibits the 
reaction (Table 6.3, entries 5, 8 and 9)—the reaction is able to tolerate some surprising 
substrates. In particular, the methyl ester (entry 1) and acetamide (entry 2) additives 
were very well tolerated. This chemoselectivity is unusual for Kumada couplings, 
wherein the desired product is formed in competition with the product of carbonyl 
addition.25,27 The methyl ester tolerance was verified by the reaction of methyl 4-
C
N
N
OH
6
O
O
Control No Additive
C
8
CH
N
O
CH3
O
N
1
2
3
4 9
8
7
6
5
Entry Additive Entry AdditiveAdditive Remaining Product Yield
Additive 
Remaining Product Yield
- 97 ± 2%
24 ± 4% 77 ± 1%
50 ± 3% 54 ± 2%
48 ± 4% 3 ± 1%
24 ± 7% 23 ± 5%
91 ± 2% 92 ± 1%
93 ± 1% 70 ± 6%
77 ± 1% 35 ± 3%
29 ± 2% 96 ± 1%
95 ± 5% 55 ± 5%
MgBr Br Co(acac)3 (5% mol)
PNPhos (5% mol)
THF, RT, 1 h
Additive
Ph
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(bromomethyl)benzoate under the standard reaction conditions (Table 6.2), furnishing 
the alkylated product in 88% isolated yield without any observed side products arising 
from reaction with the ester functionality. While the origin of this selectivity is unclear, it 
is certainly a benefit in the context of synthetic applications of the chemistry, where 
carbonyl functional groups are important synthons in total synthesis.59 Strong sigma 
donors, which can possibly compete with PNPhos for catalyst binding, are consumed 
through side reactions (entries 4, 6 and 7); in the case of pyridines, the product yield is 
largely unaffected (entry 6), whereas benzonitrile has a modest inhibition effect (entry 7) 
and dimethylaniline results in a loss of nearly 50% of the desired product (entry 4). 
Interestingly, olefins such as limonene strongly inhibit the formation of the alkylated 
product, but are themselves not consumed by the catalyst (entry 3), likely indicating 
some binding to the active catalyst preventing reactivity. Overall, the reaction has 
certain sensitivities that are inherent to the arylmagnesium reagent, but displays 
interesting and unexpected chemoselectivity regarding electron-rich carbonyl groups. 
6.5: Summary 
In this chapter, a new method for the preparation of highly encumbered C–C bonds 
was presented. Using the aminophosphine ligand PNPhos, an in situ-generated cobalt 
catalyst was shown to be able to install neopentyl and neophyl groups on sterically 
crowded arylmagnesium halides. This method is simple and robust, furnishing the 
desired products even without rigorous efforts to exclude air- and moisture. While a 
great deal of mechanistic ambiguity surrounds this reaction, its remarkable reactivity 
has potential applications in the materials and pharmaceutical sciences that warrant 
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further study on the matter. 
6.6: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Organomagnesium halide solutions, alkyl halides, dppf, N,N-
dimethyl-2-bromoaniline, and TMEDA were all purchased from Sigma-Aldrich and used 
as received. Cobalt(III) acetylacetonate was purchased from Strem Chemicals and used 
as received. Celite® 545 (J. T. Baker) was dried in a Schlenk flask for 24 hr under 
dynamic vacuum while heating to at least 150˚C prior to use in a drybox. The 
chromatography columns used in the purification of the alkylarene products were 
custom made by the University of Illinois School of Chemical Sciences Glass Shop; 
these columns are each 10 inches in length, featuring an outer diameter of 0.8 mm and 
0.7 mm inner diameter with a one inch taper to 0.3 mm. These columns can be ordered 
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inexpensively by contacting Amanda Cunningham. NMR Spectra were recorded at 
room temperature on a Varian spectrometer operating at 500 MHz (1H NMR) and 126 
MHz (13C NMR) and referenced to the residual CHCl3 (7.26 ppm) or C6D5H (7.16 ppm) 
resonance (δ in parts per million, and J in Hz); 31P Spectra were collected at 200 MHz 
and referenced to an external standard of H3PO4. 
Synthesis of 2-(diphenylphosphino)-N,N-dimethylaniline (PNPhos). 
 
PNPhos was prepared in a manner analogous to that published by Giri and 
coworkers for similar 2-functionalized dialkylanilines. 60  To a -78 ˚C solution of 2-bromo-
N,N-dimethylaniline (2.06 g, 10.3 mmol) was added nBuLi (1.6 M in hexane, 6.8 mL, 
10.86 mmol) dropwise over 10 minutes. The reaction is stirred for 30 minutes at -78 ˚C, 
then allowed to warm to 0 ˚C in an ice bath for 15 minutes. To this mixture, diphenyl 
phosphinyl choride (1.93 mL, 10.86 mmol, 1.05 eq.) is added dropwise. The reaction is 
then allowed to warm to room temperature overnight (~12 hours), after which the 
reaction is filtered over a pad of Celite©. The resulting solution is concentrated and 
purified by silica gel chromatography using a mobile phase of 9:1 hexanes/ethyl acetate 
to elute the product. The fractions are concentrated to dryness, then the resulting 
residue is taken up in 5 mL of hexanes, heating as needed to fully dissolve the material. 
To this is added 0.25 mL ethyl acetate, and the solution is cooled to -8 ˚C, at which the 
product crystallizes in small plates (2.2 g isolated, 72% yield). 1H NMR (400 MHz, 
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Chloroform-d) δ 7.36 - 7.27 (m, 10 H), 7.23 (ddd, J = 1.0, 4.7, 8.0 Hz, 1 H), 7.04 - 6.99 
(dddd, J = 0.5, 1.3, 7.3, 7.7, 1 H), 6.85 - 6.81 (dddd, J = 0.4, 1.6, 3.8, 7.6 Hz, 1 H), 2.63 
(s, 6 H); 13C NMR (100 MHz, Chloroform-d) δ 158.3, 138.4, 134.6, 134.5, 134.0, 130.0, 
128.54, 128.4, 124.6, 120.7, 45.7; 31P NMR (162 MHz, Chloroform-d) δ -14.2. 
Procedure for C–C coupling of arylmagnesium bromides and alkyl halides.  
 
General procedure—neopentylmesitylene. In the glovebox, a 20 mL vial is charged 
with neopentyl chloride (0.106 g, 1 mmol), cobalt tris(acetylacetonate) (0.017 g, 0.05 
mmol), and PNPhos (0.015 g, 0.05 mmol). THF (5 mL) is added, and the reaction is 
stirred for 10 minutes or until fully homogeneous. Following this, mesitylmagnesium 
bromide (1 mL @ 1 M in THF, 1 mmol) is added in one portion, causing a rapid color 
change—initially, a yellow solution is observed, which begins to decay to a burnt orange 
color. The reaction is allowed to stir at room temperature for an hour, after which it is 
removed from the glovebox and concentrated to dryness. The resulting residue is 
triturated with hexanes (3 * 5 mL) to extract the desired products. The hexane fraction is 
concentrated to 0.5 mL in total volume and loaded onto a 0.8 mm OD, 10-inch 
chromatography column pre-loaded with dry silica. The product is eluted from pure 
hexanes using air pressure applied from a pipette bulb, furnishing the desired product 
(0.137 g isolated, 72%). 1H NMR (500 MHz, Chloroform-d) δ 6.84 (s, 2H), 2.63 (s, 2H), 
2.30 (s, 6H), 2.25 (s, 3H), 0.95 (s, 9H); 13C NMR (125 MHz, Chloroform-d) δ 137.88, 
R
MgBr
Alkyl-X
Co(acac)3 (5% mol)
PNPhos (5% mol)
THF, RT, 1 h R
Alkyl PPh2
NMe2PNPhos
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135.26, 135.24, 128.58, 47.18, 33.16, 29.53, 20.92, 19.63. HRMS (EI+) calcd for C14H22 
[M]+: 190.1721, found: 190.1722. 
 
Neopentyltriisopropylbenzene (trans-isopropyl isomer). (Note: 2 equivalents of 
TRIPMgBr were used, 24 h reaction time) 1H NMR (500 MHz, Chloroform-d) δ 6.97 (s, 
1H), 6.92 (s, 1H), 3.35 – 3.30 (m, 1H), 2.92 – 2.82 (m, 2H), 2.71 (s, 2H), 1.26 (d, J = 6.8 
Hz, 12H), 1.26 (d, J = 6.7 Hz, 6H), 0.96 (s, 9H); 13C NMR (126 MHz, Chloroform-d) δ 
148.63, 148.05, 122.03, 120.60, 37.81, 34.23, 33.88, 30.44, 29.67, 24.11, 24.01. HRMS 
(EI+) calcd for C20H34 [M]+: 274.2664, found: 274.2661. 
 
Neophylmesitylene. 1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.26 (m, 7H), 6.95 
– 6.92 (m, 2H), 2.61 (s, 6H), 2.33 (s, 3H), 1.87 (s, 6H); 13C NMR (126 MHz, Chloroform-
d) δ 136.96, 135.96, 135.47, 133.90, 133.75, 129.85, 128.26, 124.43, 120.61, 45.50, 
29.69, 21.10, 19.81, 19.75. HRMS (EI+) calcd for C19H24 [M]+: 252.1886, found: 
252.1878. 
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Neophyltriisopropylbenzene (cis-isopropyl isomer). (Note: 2 equivalents of 
TRIPMgBr were used, 24 h reaction time) 1H NMR (500 MHz, Chloroform-d) δ 7.36 – 
7.27 (m, 5H), 6.96 (d, J = 1.6 Hz, 2H), 3.13 – 3.00 (m, 4H), 2.95 – 2.82 (m, 1H), 1.38 (d, 
J = 1.6 Hz, 6H), 1.32 – 1.24 (m, 6H), 1.14 – 1.03 (m, 12H); 13C NMR (126 MHz, 
Chloroform-d) δ 150.63, 148.27, 146.23, 129.83, 127.89, 126.01, 125.53, 120.48, 
39.63, 39.29, 33.97, 29.90, 29.84, 29.04, 28.99, 24.05, 24.02. HRMS (EI+) calcd for 
C19H24 [M]+: 252.1886, found: 252.1878. HRMS (EI+) calcd for C25H36 [M]+: 336.2822, 
found: 336.2817. 
 
Isopropylmesitylene. 1H NMR (500 MHz, Chloroform-d) δ 6.58 (d, J = 1.8 Hz, 2H), 
3.26 (p, J = 6.4 Hz, 1H), 2.30 (d, J = 0.9 Hz, 6H), 2.21 – 2.04 (m, 3H), 1.28 (d, J = 6.4 
Hz, 6H); 13C NMR (125 MHz, Chloroform-d) δ 142.86, 137.04, 135.33, 129.22, 31.80, 
22.04, 20.92, 19.54. HRMS (EI+) calcd for C12H18 [M]+: 162.1408, found: 162.1409. 
 
1,2,3,5-tetraisopropylbenzene. (Note: 2 equivalents of TRIPMgBr were used, 24 h 
reaction time) 1H NMR (500 MHz, Chloroform-d) δ 7.01 (s, 2H), 2.94 (q, J = 6.9 Hz, 2H), 
2.45 (p, J = 6.7 Hz, 2H), 1.31 (dd, J = 7.1, 2.1 Hz, 12H), 1.08 (d, J = 6.7 Hz, 12H); 13C 
NMR (126 MHz, Chloroform-d) δ 147.52, 146.97, 133.06, 120.82, 120.76, 33.90, 29.44, 
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25.20, 24.06, 24.01. HRMS (EI+) calcd for C18H30 [M]+: 246.2347, found: 246.2339. 
 
Cyclohexylmesitylene. 1H NMR (500 MHz, Chloroform-d) δ 6.58 (d, J = 1.6 Hz, 
2H), 2.81 (ddd, J = 7.4, 5.1, 2.2 Hz, 1H), 2.24 (s, 6H), 2.13 (d, J = 1.0 Hz, 3H), 1.88 
(ddd, J = 10.0, 5.9, 4.2 Hz, 6H), 1.85 – 1.64 (m, 4H); 13C NMR (125 MHz, Chloroform-d) 
δ 138.99, 138.17, 135.89, 128.77, 39.36, 31.00, 25.52, 24.56, 20.92, 19.54. HRMS (EI+) 
calcd for C15H22 [M]+: 202.1721, found: 202.1720. 
 
Cyclohexyltriisopropylbenzene. (Note: 2 equivalents of TRIPMgBr were used, 24 h 
reaction time) 1H NMR (500 MHz, Chloroform-d) δ 6.98 (s, 2H), 3.19 (m, 2H), 2.95 – 
2.80 (m, 2H), 1.95 – 1.70 (m, 10H), 1.20 (m, 18H); 13C NMR (125 MHz, Chloroform-d) δ 
151.91, 149.43, 141.87, 123.66, 36.50, 34.37, 30.99, 30.06, 25.52, 24.56, 23.82, 23.42. 
HRMS (EI+) calcd for C21H34 [M]+: 286.2660, found: 286.2661. 
 
Benzylmesitylene. 1H NMR (500 MHz, Chloroform-d) δ 7.32 – 7.16 (m, 3H), 7.04 
(d, J = 7.6 Hz, 2H), 6.92 (s, 2H), 4.05 (s, 2H), 2.33 (s, 3H), 2.24 (s, 6H); 13C NMR (125 
MHz, Chloroform-d) δ 139.65, 137.00, 135.63, 128.89, 128.81, 127.81, 125.62, 34.69, 
Ph
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20.92, 20.09. HRMS (EI+) calcd for C16H18 [M]+: 210.1409, found: 210.1409. 
 
Benzyltriisopropylbenzene. (Note: 2 equivalents of TRIPMgBr were used, 24 h 
reaction time) 1H NMR (500 MHz, Chloroform-d) δ 7.34 – 7.23 (m, 2H), 7.22 – 7.14 (m, 
2H), 7.07 (m, 3H), 4.16 (s, 2H), 3.14 – 3.03 (m, 2H), 2.95 (m, 1H), 1.40 – 1.26 (m, 6H), 
1.22 – 1.13 (m, 12H); 13C NMR (126 MHz, Chloroform-d) δ 147.36, 146.93, 141.47, 
130.66, 128.19, 127.90, 125.53, 120.98, 34.14, 32.99, 29.59, 24.17, 24.09. HRMS (EI+) 
calcd for C22H30 [M]+: 294.2346, found: 294.2348. 
 
 
Methyl 4-(2,4,6-trimethylbenzyl)benzoate. 1H NMR (500 MHz, Chloroform-d) δ 
7.98 – 7.87 (m, 2H), 7.33 (m, 2H), 6.64 (m, 2H), 4.03 (s, 2H), 3.91 (s, 3H), 2.31 (s, 6H), 
2.20 – 2.01 (m, 3H); 13C NMR (125 MHz, Chloroform-d) δ 168.55, 142.74, 137.26, 
137.20, 135.53, 128.79, 128.64, 127.89, 124.99, 52.37, 37.85, 20.92, 19.63. HRMS 
(EI+) calcd for C18H20O2 [M]+: 268.1463, found: 268.1463. 
 
Tolerance Screen. 
To a 1 mL solution of benzyl bromide (0.1 mmol, 17.1 mg, 0.1 M) in THF was 
Ph
CO2Me
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added a solution of Co(acac)3 (0.01 mmol, 3.6 mg, 0.01 M), 1-(N,N-dimethylamino)-3-
(diphenylphosphino)benzene (0.02 mmol, 6.11 mg, 0.02 M), and tert-butylbenzene (0.1 
mmol, 13.4 mg, 0.1 M) in 1 mL THF followed by a 1 mL THF solution of additive (0.1 
mmol, 0.1 M). A 0.1 mL solution of mesitylmagnesium bromide (0.1 mmol, 22.3 mg, 1.0 
M) in THF was added dropwise to the mixture while stirring. The solution was allowed to 
stir at room temperature for three hours. An aliquot was taken 30 min after addition of 
organomagnesium for analysis by GC-MS, followed by another aliquot each hour after 
the start of the reaction. The results of these measurements are summarized in Table 
6.4. 
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Additive Time (min) Additive remaining error Product % error 
Benzonitrile 
30 19% 1% 77% 6% 
60 24% 4% 77% 1% 
120 22% 3% 80% 3% 
180 24% 6% 79% 4% 
Me2NPh 
30 50% 3% 54% 4% 
60 50% 3% 54% 2% 
120 75% 4% 55% 4% 
180 76% 3% 56% 3% 
OctOH 
30 47% 5% 3% 1% 
60 48% 4% 3% 1% 
120 44% 8% 3% 1% 
180 50% 3% 4% 1% 
Decyne 
30 24% 8% 27% 4% 
60 24% 7% 23% 5% 
120 25% 8% 30% 4% 
180 26% 6% 31% 4% 
MeO2CPh 
30 90% 2% 91% 2% 
60 91% 2% 92% 1% 
120 91% 2% 91% 1% 
180 91% 1% 92% 1% 
acetamide 
30 93% 3% 56% 3% 
60 93% 1% 70% 6% 
120 96% 3% 69% 7% 
180 94% 4% 68% 7% 
acetophenone 
30 78% 1% 35% 4% 
60 77% 1% 35% 3% 
120 79% 2% 35% 3% 
180 77% 4% 34% 1% 
lutidine 
30 32% 1% 92% 4% 
60 29% 2% 96% 1% 
120 30% 3% 97% 1% 
180 29% 3% 97% 2% 
limonene 
30 95% 2% 54% 3% 
60 95% 5% 55% 5% 
120 93% 2% 56% 4% 
180 96% 2% 56% 4% 
 
Figure 6.4: Measured yields of additives and products from functionality tolerance screen. Each entry is the 
average of three runs. 
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control 
30 0% 0% 95% 2% 
60 0% 0% 97% 2% 
120 0% 0% 97% 1% 
180 0% 0% 97% 1% 
 
Figure 6.4 (continued): Measured yields of additives and products from functionality tolerance screen. Each 
entry is the average of three runs. 
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Chapter 7: Initial studies in the synthesis and characterization of 
a CCC pincer ligand and its Co(III) complex  
 
As discussed throughout this work, our central hypothesis regarding the influence 
of ligand field on first-row metal electronics centers on the impact of ligand field strength 
in accessing electronic structures capable of two-electron redox. While phosphine 
ligands are strong σ-donors and modest π-acceptors, they are not nearly as donating as 
ligands based on carbon.1 While a variety of N-heterocyclic carbene (NHC) complexes 
of first-row metals have been prepared, few have exerted a ligand field strong enough to 
induce spin pairing, and the examples in which reactivity has been studied have 
unambiguously engaged in single-electron transfer.2-11 In light of this, we sought to push 
the donicity of a pincer carbene complex to an extreme and identify complexes with 
large orbital splittings in order to study the effect of ligand field on base metal catalysis. 
7.1: Synthesis of MesCCCH3•2Cl 
To accomplish this, we turned our attention to a ligand pioneered by Chianese and 
coworkers, 1,3-bis(mesitylbenzimidazolium)benzene dichloride (MesCCCH3•2Cl).12 This 
ligand is a tridentate, monoanionic pincer featuring two NHCs derived from 
benzimidazolium salts and an aryl donor. When Chianese metallated iridium with 
MesCCCH3•2Cl, it was found that the reactivity of the resulting complex toward 
unactivated alkanes was dramatically increased, enabling “acceptorless” transfer 
dehydrogenation from cyclooctadiene with high turnover numbers. We wondered 
whether similar reactivity trends would manifest in an analogous Co complex. 
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Figure 7.1: Synthesis of MesCCCH3•2Cl via sequential Pd-catalyzed cross-coupling and cyclization  
The ligand is prepared in high yield using a modification of Chianese’s protocol. 
Two sequential palladium-catalyzed aryl amination reactions generate the ligand 
backbone tetraamine (Figure 7.1) in an overall 77% yield. While Chianese used Pd2dba3 
as the palladium source, the resultant reaction mixtures often required column 
chromatography, which was problematic for the moisture-sensitive tetraamine. By 
changing to Pd(PPh3)4 as the palladium source, the reaction mixtures were easier to 
purify, whereby the first cross-coupling product could be purified by filtering the crude 
mixture over silica and recrystallizing the filtrate from hexanes. The second step leading 
to the tetraamine still requires a column, but the product can be collected with impurities 
and subsequently recrystallized from hexanes. This second purification is critical, as the 
sodium bromide byproduct from the cross-coupling is readily ligated by the tetraamine 
and carried through reaction steps. As bromide impurities complicate stoichiometry 
calculations and negatively affect the metallation reactions, it was critical that this 
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impurity was removed prior to cyclization with triethylorthoformate, where it 
preferentially exchanges with chloride as a counterion for the salt. With these simple 
modifications to the reaction procedure, the ligand could be isolated in high yield 
(overall 75%) and greater than 99% purity as assayed by determining the concentration 
of ligand in solution versus calculated concentration by 1H NMR spectroscopy with 
mesitylene as an internal standard. 
7.2: Metallation of MesCCCH3•2Cl 
The metallation of MesCCCH3•2Cl with cobalt was then carried out by a number of 
routes. While the NHC ligands are easily deprotonated by a variety of bases (NaOtBu, 
NaH, nBuLi, LiN(SiMe3)2), the aryl proton posed a more serious challenge. In 
Chianese’s iridium complexes, the aryl ligand is generated via oxidative addition into the 
C–H bond to form the iridium hydride. Unfortunately, this is not a common reaction for 
cobalt, and so we began by sequential deprotonation of the two NHCs followed by the 
aryl proton. Using nBuLi and tBuLi resulted in non-selective deprotonation, instead 
favoring the protons meta to the binding site; this aryllithium species proved quite 
unstable and decomposes rapidly even at –78˚C. Synthesis of the brominated 
analogue, which might be lithiated by lithium-halogen exchange, proved prohibitively 
difficult to synthesize and was abandoned as an approach. 
The use of metal disilazides as starting materials for transition metal complexes is 
well-precedented; with this in mind, we prepared [Co(N(SiMe3)2)2]2,13 which we 
proposed would deprotonate the NHC ligands via σ-bond metathesis, reducing the 
kinetic barrier to metallation to yield (MesCCCH)CoCl2. The presence of the metal in the 
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binding pocket would be expected to decrease the pKa of the proton due to the 
increased steric strain, allowing it to be deprotonated by weaker bases. Using pyridine 
as a base, this is exactly what appears to happen, as evidenced by the isolation of 
(MesCCC)CoX(pyr) 11 (X=Cl and Br) from a reaction in which the bromide impurities 
from the tetraamine were not removed, resulting in a Co(II) complex as a mix of bromide 
and chloride salts. 
 
Figure 7.2: Metallation of MesCCCH3•2Cl with [Co(N(SiMe3)2)2]2 to furnish 12 
When the ligand used is free of bromide impurities, however, the isolated complex 
is entirely the Co(III) complex 12, as shown in Figure 7.2. Based on the observation of 
11, we propose that disproportionation yields 12 alongside the reduced Co(I) complex 
13. Through a truly serendipitous choice of solvents for the reaction, 13 oxidizes to 12 
under the reaction conditions, providing a convergent and high-yielding route to 
(MesCCC)CoCl2py. In pure THF as a solvent, 12 is isolated in 45% yield along with a 
forest green compound that is nearly identical to 12 by 1H NMR, but reacts with DCM 
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and CDCl3 to afford the blue paramagnetic chloride salt of 11 at room temperature; 
heating this compound in either solvent furnishes 12 quantitatively. As such, we assign 
this product as 13, (MesCCC)Co(py), isolated in 40% yield according to the molecular 
formula suggested. Regarding the role of DCM in the reaction, our group has also 
shown that the same result can be obtained in pure THF upon addition of stoichiometric 
ferrocenium hexafluorophosphate, suggesting that the DCM is acting as a single-
electron oxidant, though whether the oxidation requires one or two equivalents of DCM 
is presently unknown. 
 
Figure 7.3: Solid state structure of 12. Thermal ellipsoids are shown at the 50% probability level and hydrogen 
atoms have been removed for clarity. Selected bond lengths (Å) and angles (˚): Co–CAr 1.872(4), Co–CNHC 
1.961(4), Co–CNHC 1.958(4), NPy–Co–CAr 179.12(17), CNHC–Co–CNHC 160.74(16), C l–Co–Cl 173.28(5). 
Hydrogen atoms omitted for clarity. 
7.3: Design and attempted synthesis of bidentate CC ligands via cross coupling 
While members of our research group have shown that the CCC ligand platform 
can enable interesting and powerful reactivity,14 there still exist limitations on what 
reactions these complexes can carry out. In particular, sterically-demanding reactions 
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and those requiring many coordination sites have proven difficult to catalyze with 12 and 
similar compounds. However, given the catalyst design principles set out in Chapter 5, 
we wondered if a bidentate “CC” ligand might imbue the desired electron richness, while 
still providing the possibility of forming low-coordinate metal complexes. 
 
Figure 7.4: Examples of proposed bidentate CC ligands 
Many designs for ligands of this description were proposed, some of which are 
summarized in Figure 7.4. In general, we favored the (2-bromophenyl)benzimidazolium 
(RCCHBr•Cl) class of compounds due to their structural similarity to the CCC ligands 
that our group has studied in depth. In addition, their design allows for the inclusion of 
an aryl bromide as the synthon for the metal binding pocket, which should allow us to 
arylate metal starting materials even without a “pincer” effect to effect metallation. 
Moreover, our background in preparing MesCCCH3•2Cl led us to believe that the 
synthesis of RCCHBr•Cl would be accomplished in a trivial manner via palladium-
catalyzed cross coupling. 
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Figure 7.5: Attempted syntheses of RCCHBr•Cl via cross coupling 
Unfortunately, initial attempts to prepare RCCHBr•Cl via cross coupling failed due 
to inherent challenges in the intermediates synthesized. Initially, we prepared bis(2-
bromophenyl)amine in excellent yield through a palladium-catalyzed cross coupling 
reaction. However, a second coupling using mesidine to install the bulky aryl group 
failed to yield the desired diamine, resulting instead in selective cyclization to form 
carbazole (Figure 7.5, 2). Approaching the reaction from a separate route involving an 
attempt to couple 2-bromoaniline to mesidine failed as well, generating bis(2-
bromophenyl)amine and a small amount of carbazole from its subsequent cyclization. 
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7.4: Development of an intramolecular Ullmann coupling for the preparation of 2-
bromophenylbenzimidazole 
Following our failed attempts to prepare RCCHBr•Cl via cross coupling, we began 
to wonder what other methods might provide access to the desired product. 
Retrosynthetically, we determined that if we could arrive at 2-
bromophenylbenzimidazole (14) and its derivatives, we could use SN2 alkylation 
chemistry to arrive at the target benzimidazolium salt due to precedent in our group of 
alkylating 1,3-bis(benzimidazole)benzene in a similar manner.15 Despite attempts to 
prepare 14 through cross-coupling, it became clear that a new route to access this 
intermediate would be necessary. 
 
Figure 7.6: Retrosynthetic analysis of RCCHBr•Cl 
Once again turning to retrosynthetic analysis for inspiration, we wondered if an 
intramolecular cyclization of bis(2-bromophenyl)formamidine would result in the desired 
product. Such a route would hold numerous advantages over a cross coupling 
approach, due to the ease with which dissymmetric formamidines can be prepared. This 
would provide access to substitution not only on the aryl substituents of the 
benzimidazole, but on the benzimidazole backbone itself.16 To accomplish this, we 
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proposed an Ullmann-type coupling reaction, wherein an intramolecular reaction would 
occur preferentially to an intermolecular coupling. Copper catalysis was chosen over 
palladium due to the lower cost of the metal salt and the Ullmann reaction’s reputation 
in the coupling of pyrroles and imidazoles,17 which we hoped would extend to the 
acyclic, but isoelectronic, formamidines. 
 
Figure 7.7: Synthesis of RCCHBr•PF6 via an intramolecular Ullmann reaction 
We were delighted to observe the formation of 14 in 95% yield using this method 
(Figure 7.6). Copper iodide was chosen as the copper salt of choice, with 
diazabicycloundecene (DBU) as the base. The reaction proceeds in as little as two 
hours at 110 ˚C in DMSO and can be scaled up to 20 g without diminishment of yield or 
purity. Moreover, the reaction can be carried out on a variety of 2-
bromophenylformamidine derivatives, furnishing adamantylbenzimidazole from its 
corresponding formamidine in 40% yield after six hours of heating. The scope and 
limitations of this method have not been studied in depth, but promise to be a powerful 
tool for accessing derivatives of RCCHBr•Cl. 
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Subsequent alkylation of 14 with alkyl halides proved to be quite effective. Heating 
14 at 65 ˚C for three days in a toluene solution of alkyl bromide, followed by salt 
metathesis with ammonium hexafluorophosphate, cleanly yielded the benzyl (15), 3,5-
dimethylbenzyl (16), 1-napthyl (17) and 3,5-di-tert-butylbenzyl (18) derivatives of 
RCCHBr•PF6 in greater than 50% yield. Unfortunately, 14 is surprisingly unstable at 
elevated temperatures, meaning that tertiary alkyl halides could not be used to reliably 
functionalize 14 in the manner used by Hollis and coworkers in their preparation of 
AdCCCH3•I2.15 Attempts to metallate these ligands are ongoing in our group. 
7.5: Summary 
In this chapter the synthesis of two strongly donating N-heterocyclic carbene 
(NHC) ligands was described. One, MesCCCH3•2Cl, is a pincer ligand featuring an aryl 
donor flanked by two NHCs. This ligand was metallated using cobalt 
bis(hexamethyldisilazide) to furnish the Co(III) complex 12. The mechanism of 
metallation features formal C–H activation, presumably through the abstraction of the 
aryl proton from a crowded Co(II) intermediate. Another class of ligand, RCCHBr•Cl, was 
prepared using a novel intramolecular Ullmann coupling from bis(2-
bromophenyl)formamidine. By alkylating the resulting 2-bromophenylbenzimidazole, an 
NHC ligand with an aryl group poised for metallation is formed. This ligand offers the 
possibility of maintaining the strongly donating environment of the CCC ligands while 
achieving low-coordinate complexes akin to (P^P)CoN(SiMe3)2 for applications in 
catalysis. Both classes of compounds are the subject of further research in the Fout 
group, and initial indications suggest that 12 and its derivatives are excellent 
 143 
hydrogenation catalysts. 
7.6: Experimental 
General Considerations. All manipulations of metal complexes were carried out 
in the absence of water and dioxygen using standard Schlenk techniques, or in an 
MBraun inert atmosphere drybox under a dinitrogen atmosphere except where specified 
otherwise. All glassware was oven dried for a minimum of 8 h and cooled in an 
evacuated antechamber prior to use in the drybox. “Schlenk tube” refers to ChemGlass© 
part number CG-1880-01 or CG-1880-02. Diethyl ether, tetrahydrofuran, toluene and 
benzene were dried and deoxygenated on a Glass Contour System (SG Water USA, 
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. Chloroform-d 
and Benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and 
stored over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was 
purchased from Sigma-Aldrich and recrystallized from toluene under an inert 
atmosphere prior to use. Mesidine, 1,2-bromoiodobenzene, m-phenylene diamine, 2-
bromoaniline, benzyl halides, copper salts, and DBU were all purchased from Sigma-
Aldrich and used as received. Palladium tetrakis(triphenylphosphine) was prepared by 
literature methods. 18 Celite® 545 (J. T. Baker) was dried in a Schlenk flask for 24 hr 
under dynamic vacuum while heating to at least 150˚C prior to use in a drybox. NMR 
Spectra were recorded at room temperature on a Varian spectrometer operating at 500 
MHz (1H NMR) and 126 MHz (13C NMR) and referenced to the residual CHCl3 (7.26 
ppm) or C6D5H (7.16 ppm) resonance (δ in parts per million, and J in Hz); 31P Spectra 
were collected at 200 MHz and referenced to an external standard of H3PO4. 
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Synthesis of MesCCCH3•2Cl. 
 
N-(2-bromophenyl)mesidine.  In a modification of the literature procedure, 
Pd(PPh3)4 (404 mg, 0.35 mmol) was added to a toluene solution (15 mL) of DPEPhos 
(566 mg, 1.05 mmol) in a 20 mL vial. This solution is stirred at 80˚C for 20 minutes while 
mesidine (947 mg, 7 mmol), 2-bromoiodobenzene (2.97 g, 10.5 mmol), and sodium tert-
butoxide (2.69 g, 28 mmol) are added to a 150 mL Schlenk bomb. The 
DPEPhos/Pd(PPh3)4 solution is then filtered through a pad of Celite into the bomb and 
the mixture is diluted with 80 mL toluene. The bomb is then sealed and heated to 100˚C 
in a well-stirred oil bath for 24 hours. 
After cooling to room temperature, the reaction is filtered through a pad of silica, 
eluting with 500 mL Et2O. The filtrate is then concentrated to a clear oil, which is taken 
up into a minimal volume of hot hexanes, from which the product crystallizes upon 
cooling to yield 1.95 g of the title compound as white needles (96%). The 1H and 13C 
NMR spectra match those of the reported compound.12 
 
N1,N1'-(1,3-phenylene)bis(N2-mesitylbenzene-1,2-diamine). In a modification of the 
literature procedure, Pd(PPh3)4 (346 mg, 0.3 mmol) was added to a toluene solution (15 
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mL) of DPEPhos (482 mg, 0.9 mmol) in a 20 mL vial. This solution is stirred at 80˚C for 
20 minutes while N-(2-bromophenyl)mesidine (1 g, 3.4 mmol), m-phenylenediamine 
(162 mg, 1.5 mmol), and sodium tert-butoxide (720 mg, 7.5 mmol) are added to a 150 
mL Schlenk bomb. The DPEPhos/Pd(PPh3)4 solution is then filtered through a pad of 
Celite into the bomb and the mixture is diluted with 80 mL toluene. The bomb is then 
sealed and heated to 100˚C in a well-stirred oil bath for 24 hours. 
After cooling to room temperature, the reaction is filtered through a pad of silica, 
eluting with 500 mL Et2O. The filtrate is then concentrated and adsorbed on 15 g of dry 
silica and loaded onto a silica gel column. The product is separated with a stepwise 
gradient of 2-5% ethyl acetate/hexanes, yielding a green powder. This powder is then 
further recrystallized from hexanes to yield 632 mg of the title compound (80%). The 1H 
and 13C NMR spectra match those of the reported compound.12 
 
MesCCCH3•2Cl. This compound is prepared according to literature procedures.12 To 
assess the purity quantitatively, 25 mg of isolated compound is taken up in 1 mL CDCl3, 
to which 15 μL mesitylene is added. Using the mesitylene as an internal standard, the 
concentration of product is calculated and compared to the expected concentration of 
0.04 M. Using the literature methods for preparing the ligand from start to finish yields 
ligand that contains up to 10% bromide impurity, whereas the procedures described 
H
N
H
N
NH HN
MesMes
HC(OEt)3 (solvent)
HCl (3 eq), 
80˚C 30 min
N N
NN 2 Cl-
H3CCCMesCl2
97%
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above average <<1% impurity consistently. 
Synthesis of (MesCCC)CoCl2Py (7).  
 
To a solution of Co2(N(SiMe3)2)2 (123 mg, 0.32 mmol) in THF (7 mL) is added 45 
drops of pyridine. This mixture was stirred 2-3 minutes at room temperature before 
cooling to -35˚C. A solution of MesCCCH3•2Cl (200 mg, 0.32 mmol) in DCM (8 mL) is 
chilled to −35˚C and subsequently added dropwise to this mixture, leading to a blue 
suspension. The vessel is sealed and allowed to warm to room temperature and is then 
heated to 65˚C overnight (8 hrs). The resulting blue-green solution is then filtered 
through Celite and concentrated, yielding a blue green solid. Triturating with benzene (3 
x 1 mL) yields 160 mg of green solid and the combined benzene extracts are allowed to 
evaporate to ~1 mL total volume, which yields another 29 mg of pure product (189 mg 
total, 80%). X-ray quality crystals could be grown from slow evaporation of a solution in 
1:1 chloroform/benzene. 1H NMR (500 MHz, CDCl3) δ 8.87 (dt, J = 5.1, 1.5 Hz, 2H), 
8.30 (d, J = 8.2 Hz, 2H), 7.89 (dd, J = 7.9, 1.1 Hz, 2H), 7.61 (td, J = 7.9, 1.1 Hz, 1H), 
7.48 (t, J = 8.2 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.25 (t, 7.7 Hz 2H), 6.84 (d, J = 8.1 Hz, 
2H), 6.63-6.56 (m, 6H), 2.26 (s, 6H), 1.91 (s, 12H). 13C NMR (CDCl3): δ 214.89, 195.55, 
151.15, 147.65, 137.44, 135.53, 132.12, 131.44, 131.31, 131.16, 127.90, 123.81, 
122.66, 121.93, 121.56, 110.97, 109.28, 109.10, 19.90, 16.98. Anal. Calcd for 
N N
N N
ArAr
2 Cl-
H3LAr
Co[N(SiMe3)2]2(Py)2
C6H6
- 2 HN(SiMe3)2
N N
N NCo
Cl
Cl
Py
Ar = Mesityl
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(MesCCC)Co(Cl)2Py*C6H6/CH2Cl2 (C50H45Cl4CoN5): C, 65.51; H, 4.95; N, 7.64. Found: C, 
65.54; H, 4.6; N, 7.64. 
Synthesis of (2-bromophenyl)benzimidazole. 
 
Bis(2-bromophenyl)formamidine. This reaction was carried out in accordance with 
the procedure described by Grubbs and coworkers.16 To a Schlenk bomb was added 2-
bromoaniline (3.44 g, 20 mmol), acetic acid (30 μL, 0.5 mmol) and triethylorthoformate 
(1.67 mL, 10 mmol). The reaction vessel was then sealed and heated at 140 ˚C for 12 
hours. The reaction was then removed from the heat and let cool to room temperature, 
during which time the oil solidified to a gray solid. This was then ground to a course 
powder, washed with hexanes on a Büchner funnel (3 * 20 mL), and let dry by suction. 
The resulting solid was then dissolved in hot, concentrated ethanol, from which needles 
of bis(2-bromophenyl)formamidine were collected upon slow cooling to -8 ˚C (2.85 g 
isolated, 80%). 1H NMR (500 MHz, Chloroform-d) δ 8.04 (s, 1H), 7.60 (m, 2H), 7.34–
7.27 (m, 5H), 6.98 (m, 2H); 13C NMR (75 MHz, Chloroform-d): δ 147.3, 142.9, 132.9, 
128.4, 124.5, 119.0, 115.2. 
 
 
H
N
Br
N
BrNH2
Br
2
AcOH (2%)
HC(OEt)3 (xs)
140˚C 10-12 h 80%
H
N
Br
N
Br
CuI (20%)
DBU (2 eq)
DMSO, 110˚C 2 h
N
BrN
95%
14
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(2-bromophenyl)benzimidazole (14). To a Schlenk bomb was added bis(2-
bromophenyl)formamidine (1.8 g, 5 mmol), DMSO (20 mL), and copper iodide (0.2 g, 1 
mmol). DBU (1.5 mL, 10 mmol) was added in one portion before sealing the vessel and 
heating to 110 ˚C for two hours. The reaction was cooled before being poured into an 
Erlenmeyer flask containing water (200 mL) and ethyl acetate (200 mL). The biphasic 
mixture was stirred vigorously for ~5 minutes before being transferred to a separatory 
funnel, from which the organic phase was collected. The aqueous fraction was 
resubmitted to the separatory funnel and extracted twice more with ethyl acetate (2 * 
200 mL), collecting the organic fractions together. The combined organic fractions were 
then back-extracted once with brine (1 * 100 mL) before being dried over Na2SO4 and 
concentrated. Silica gel chromatography was used to isolate the pure product, using a 
mobile phase of 1:1 hexanes/ethyl acetate and ramping to 1:1 hexanes/ethyl acetate 
upon elution of non-polar impurities (1.3 g isolated, 95%). 1H NMR (500 MHz, 
Chloroform-d) δ 8.05 (s, 1H), 7.93–7.87 (m, 1H), 7.82 (dd, J = 8.0, 1.4 Hz, 1H), 7.52 (td, 
J = 7.6, 1.4 Hz, 1H), 7.49–7.39 (m, 2H), 7.38–7.28 (m, 2H), 7.23–7.17 (m, 1H); 13C NMR 
(126 MHz, Chloroform-d) δ 143.13, 142.71, 135.02, 134.38, 134.19, 130.66, 129.12, 
128.66, 123.81, 122.72, 121.41, 120.63, 110.55. 
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Alkylation of (2-bromophenyl)benzimidazole. 
 
General procedure—BnCCHBr•PF6 (15). To a Schlenk bomb is added (2-
bromophenyl)benzimidazole (1.05 g, 3.7 mmol) and benzyl bromide (0.48 mL, 4 mmol). 
Toluene (3 mL) was added and the reaction was sealed before heating to 65 ˚C for 
three days. Following this, the reaction was cooled to room temperature and the gray 
precipitate collected by filtration. The solid was washed with hexanes three times and 
dried by suction. The resulting product is then dissolved in a minimum of hot water (~5 
mL), to which is added a 3 M aqueous solution of ammonium hexafluorophosphate, 
resulting in the rapid precipitation of the desired product. The solid was collected by 
filtration and dissolved in dichloromethane. This solution is dried over Na2SO4 before 
being concentrated to dryness (0.863 g isolated, 53%). 1H NMR (400 MHz, Chloroform-
d) δ 9.12 (s, 1H), 7.84 (ddd, J = 7.9, 6.4, 1.6 Hz, 2H), 7.76 – 7.54 (m, 6H), 7.45 (d, J = 
3.3 Hz, 5H), 5.91 – 5.67 (m, 2H); 19F NMR (376 MHz, Chloroform-d) δ -72.96 (d, J = 
713.2 Hz). 
 
XylCCHBr•PF6 (16). 1H NMR (400 MHz, Chloroform-d) δ 9.61 (s, 1H), 7.86 (ddd, J 
N
BrN
1) R-Br, 3 days, toluene, 65˚C
2) NH4PF6 (aq)
PF6-
N
N Br
53%
15
N
N Br
PF6-
64%
16
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= 14.6, 7.9, 1.6 Hz, 2H), 7.78 – 7.52 (m, 7H), 7.04 (d, J = 15.2 Hz, 4H), 5.94 – 5.61 (m, 
2H), 2.38 – 2.19 (m, 6H); 19F NMR (376 MHz, Chloroform-d) δ -73.03 (d, J = 713.0 Hz). 
 
NapCCHBr•PF6 (17). 1H NMR (400 MHz, Chloroform-d) δ 11.38 (s, 1H), 8.27 (d, J = 
8.7 Hz, 1H), 8.10 – 7.77 (m, 4H), 7.72 – 7.42 (m, 10H), 6.97 (d, J = 15.1 Hz, 1H), 6.39 
(d, J = 15.7 Hz, 1H); 19F NMR (376 MHz, Chloroform-d) δ -73.03 (d, J = 713.1 Hz). 
 
ditBuPhCCHBr•PF6 (18). 1H NMR (400 MHz, Chloroform-d) δ 9.06 (s, 1H), 7.86 (ddd, 
J = 12.3, 8.0, 1.5 Hz, 2H), 7.75 (dd, J = 7.5, 1.8 Hz, 1H), 7.71 – 7.55 (m, 4H), 7.45 (t, J 
= 1.8 Hz, 1H), 7.37 (dd, J = 7.3, 1.7 Hz, 1H), 7.23 (d, J = 1.8 Hz, 2H), 5.91 – 5.64 (m, 
2H), 1.29 (s, 18H); 19F NMR (376 MHz, Chloroform-d) δ -73.18 (d, J = 713.3 Hz). 
  
N
N Br
PF6-
63%
17
N
N Br
PF6-
87%
t-Bu
t-Bu
18
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